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AbstratThe International Linear Collider (ILC), a high preision eletron-positronmahine with entre of mass energy extending up to the TeV sale, is urentlybeing proposed and designed. With unpreedented small beam size and highintensity the ILC aims at luminosities of the order of 1034 m�2s�1. Careful mon-itoring of the beam parameters that a�et the luminosity will be mandatory ifthese ambitious goals are to be ahieved.One of the key parameters is beam emittane, the optimisation of whih requiresbeam size monitors with miron resolution. With this aim, a non-invasive laser-wire monitor prototype was designed, installed and run at the PETRA ring. Priorto its installation, bakground simulations and measurements were performed toverify that they would be low enough to allow the laser-wire programme to pro-eed. A lead-tungstate rystal alorimeter for the laser-wire was ommissioned,inluding a study of temperature dependane, geometrial aeptane and energyresponse. The �rst laser-wire measurements of the PETRA positron beam sizewere then performed. The system, alibration and results are reported here.At the ILC, beam energy spread and beamstrahlung e�ets modify the luminosityspetrum. Determination of these e�ets is ruial in order to extrat preisionphysis from threshold sans. In order to provide a run-time diagnosti sheme toaddress this, a fast luminosity spetrum measurement tehnique employing for-ward alorimetry and statistial unfolding was devised, using the Bhabha proessat low angles. The sheme is desribed and �rst results are presented.
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Chapter 1
Introdution
The International Linear Collider (ILC) will be a TeV-sale eletron-positronollider with high luminosity of the order of 1034 m�2s�1. It will provide a toolfor sientists to address many of the most ompelling questions of the 21st entury- questions about dark matter, extra dimensions and the fundamental nature ofmatter, energy, spae and time.The standard model (SM) used to desribed the elementary partiles hasseveral weaknesses. The ILC, due to its high preision and TeV-sale entre ofmass energy, will address some of these weaknesses. In partiular it will allow aprofound study of the eletroweak symmetry breaking mehanism and probe theharateristis of the Higgs boson, if it exists. Alternative mehanisms will alsobe tested to high preision. Chap. 2 desribes the SM and some of the theoriesbeyond it. The potential physis studies of the ILC are emphasised and how theLarge Hadron ollider (LHC) and the ILC programmes an bene�t from eahother is presented.The ILC will be based on superonduting Niobium avities as reommendedby the International Tehnology Reommendation Panel (ITRP) in 2004. TESLA,at the time of writing, is the only full aelerator design based on this tehnologyand thus is desribed in Chap. 3. The full detetor is depited in this hapterwith speial emphasis on forward alorimetry, whih is needed for the luminosityspetrum analysis presented in Chap. 6.1



At high energies, physis ross-setions in general sale as 1=(energy)2 and sohigher luminosity is required to ounter this. Low emittane is essential for highluminosity and to ahieve it many diagnosti systems are needed. The laser-wire,a non-invasive laser based transverse beam size monitor, is one suh system andis being tested at the PETRA ring in view to using it for the ILC. It operatesby fousing laser light down to a small spot size that an be sanned arossthe positron beam produing Compton sattered photons, deteted downstream.Bakground proesses at two loations in PETRA were measured and are pre-sented in Chap. 4. The bakground level was shown to be low enough to proeedwith the installation of the laser-wire system.To ollet the Compton signal, a ompat, radiation hard alorimeter based onlead-tungstate rystals was built and ommissioned. Beam tests were performedto haraterise its temperature dependene, geometrial aeptane and energyresponse. After this alibration, the alorimeter was then used to measure thetotal energy deposit from laser-wire events. Analysis of the resulting spetra wasperformed to produe the �rst laser-wire measurements of the PETRA positronbeam size, whih are presented in Chap. 5.The variable entre of mass energy of the ILC will allow energy sans overpartile prodution thresholds and so enable the harateristis of the partilessuh as their mass to be aurately determined. The ability to do this is limitedby the auray to whih the shape of the luminosity spetrum an be measured.This shape is determined primarily by initial state radiation, beamstrahlung andbeam energy spread parameters.As a beam diagnosti tool, a fast luminosity spetrum tehnique employingforward alorimetry and statistial unfolding methods was devised, using theBhabha proess at low angle. Chap. 6 presents this tehnique and shows that aresolution of less than 1% level is obtained within 2 hours of mahine running. Thetehnique provides a potentialy important tool to trak the luminosity spetrumas it evolves over many hours and thus open the possibility of making orretionsin real time to tune the mahine. 2



Chapter 2
An Overview of Partile Physisin the Standard Model andBeyond
2.1 IntrodutionThe Standard Model (SM) of elementary partile physis provides an extremelysuessful desription of all partile physis phenomena aessible to present dayaelerators. Within the SM, matter is divided into two types of elementary par-tiles, leptons and quarks, and the interations between the partiles ours viamessengers (gauge bosons) whih haraterise the fores. Despite all its suess,numerous puzzles are still remaining. One puzzle is the mehanism of Ele-troweak Symmetry Breaking (EWSB), whih takles the question of the partilemasses via the Higgs Boson, another puzzle is the so-alled hierarhy problem,whih deals with the wide separation between the eletroweak and the Planksales. Theories, suh as supersymmetry, arose whih ould provide, if disov-ered, some answers to these outstanding questions but this will require probingmore profoundly the related phenomenology with high preision. A lepton linearollider whose energy is beyond the urrent reah of aelerators would providethe appropriate tool to unravel many of the possible extensions to the SM. In this3



LEPTONSFlavour Charge (�e) Mass (MeV)�rst e -1 0.51099892 �4 10�8generation �e 0 < 0:3� 10�6seond � -1 105.658364 �9 10�5generation �� 0 < 0:19third � -1 1777.05 +0:19�0:26generation �� 0 < 18:2Table 2.1: The three generations of Leptons, their harge and mass [8℄.hapter, the SM will be desribed briey in order to give a broad overview of thelassi�ation it o�ers and possible extension to the SM will also be disussed.2.2 The Standard ModelThe Standard Model assumes that all matter partiles (or fermions) are madeout of two lasses of strutureless point-like partiles, the quarks and the leptons.It ould be possible that these point-like partiles are atually omposite andtherefore not the basi irreduible building bloks we seek. However experimenthas not found any underlying struture to date.2.2.1 Quarks and LeptonsTab.2.1 shows the three generations of leptons and some of their properties. Eahgeneration of leptons has its own lepton number, whih is onserved to a �rstapproximation. Neutrino osillations, reently observed [2, 3, 4℄, show this on-servation is violated and also that neutrinos have masses.Leptons have harge e while quarks are spin-1/2 fermions with either +23e or-13e eletri harge. There are six avours (or types) that exist in nature. The sixavours are named: down, up, strange, harm, bottom and top. These also fall4



QUARKSFlavour Charge (�e) Approximate Mass(GeV)�rst d (down) �13 0.004 to 0.008generation u (up) +23 0.0015 to 0.004seond s (strange) �13 0.08 to 0.130generation  (harm) +23 1.1 to 1.4third b (bottom) �13 4.1 to 4.4generation t (top) +23 173.8 �5.1Table 2.2: The three generations of Quarks [8℄, their harge and approximate mass.into three generations. Some of their properties are listed in Tab.2.2 [8℄. Thistable illustrates the wide range of partile masses.Quarks ombine to form omposite partiles; they are unable to exist on theirown with no other quarks, an e�et alled quark on�nement [5, 6℄. The partilesthey form fall into two lasses:� \mesons" whih onsist of a quark and an antiquark (q�q0)� and \baryons" whih onsist of three quarks (qq0q00).Here q denotes a quark of any avour and q0 and q00 quarks with possibly anyother avour.2.2.2 Interations and Gauge BosonsIn quantum theory the gauge bosons are partiles exhanged between fermionsand give rise to the four fores. These are shown in Tab.2.3. The gravitationalinteration is negligible in partile physis phenomena, hene attention is on�nedto the other three only i.e. the eletromagneti, weak and strong interations.
5



INTERACTIONS AND GAUGE BOSONSFores Mediators Eletri Charge (�e) Mass(GeV/2)eletromagneti photon 0 0Weak W�, Z0 �1, 0 �80.425�0.038, �91.197�0.002strong gluon 0 0gravity graviton 0 0Table 2.3: The interations and gauge boson properties [8℄.2.2.2.1 Weak and Eletromagneti InterationThe eletromagneti interation is lassially well understood via Maxwell's equa-tions. It is now desribed quantum mehanially by the theory alled quantumeletrodynamis (QED).The weak interation is mediated by three massive gauge bosons, the W+,W� and the Z0. The W� ouples only to left-handed partiles or right-handedanti-partiles.The weak interation has been uni�ed with the eletromagneti interationinto one eletroweak theory, SU(2)L � U(1)Y ,1 introdued by Glashow, Wein-berg and Salam [1℄. Aording to this theory the weak and the eletromagnetiinterations have similar oupling strengths, i.e.�W = �= sin2 �W (2.1)where sin2 �W represents the mixing between the two gauge groups with �W theWeinberg angle and � � 1128 the eletroweak struture onstant at the Z pole.2.2.2.2 Strong interationThe strong interation is responsible for the binding of quarks into hadrons. Itis mediated by gluons. Whilst the quarks all possess a olour harge, so do thegluons, in ontrast to the eletromagneti interation where the photon arries1L stands for left and Y is hyperharge 6



no eletri harge.The strong interation does not at over large distanes despite its masslessgauge bosons as all partiles arrying olour are on�ned. The theory to desribethe strong interation is alled quantum hromodynamis (QCD) and is based onthe gauge symmetry SU(3)olour.2.2.3 Higgs bosonBy applying the exat symmetry SU(2)L � U(1)Y and unifying the weak andeletromagneti fores, no mass term appears. Elementary partiles have massand to aount for it, a massive partile whih ouples to every other partileis introdued. This massive partile is alled the Higgs boson and its ouplingstrength gHff to fermions is related to the fermion mass mf asgHff = mf� (2.2)where � is the eletroweak sale (= (GF=p2)�1=2=246 GeV). The theoretialHiggs boson mass is M2H = 2��2 where � is the self oupling strength of theHiggs. � is not known and thus the exat value of the mass of the Higgs is notdetermined.Nonetheless, a quite restritive bound on the value of the Standard ModelHiggs mass follows from hypothetial assumptions on the energy sale � up towhih the SM an be extended before new physial phenomena may emerge. Theupper bound on the Higgs is thus:M2H � 4�2�23 ln(�2=�2) (2.3)In addition it is assumed that � has a positive value whih indues a minimumbound on the Higgs mass. This value depends strongly on the ut-o� � and thetop mass [12℄ as M2H > 3GFp28�2 (2M4W +M4Z � 4m4t ) ln��2�2� (2.4)The upper and lower bounds limit are shown in Fig. 2.1 [8℄. Within the Standard7
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Figure 2.1: Bounds on the Higgs boson mass based on arguments of self-onsistenyof the SM.Model the mass of the Higgs is less than �1 TeV [11℄. Higgs bosons have esapeddetetion so far although, from ombined LEP data, a lower bound of 114.4 GeVwas established, at the 95% on�dene level, on the mass of the standard modelHiggs boson.[13℄. The probing in future olliders of the properties of this elusivepartile will be essential in order to deide what type of theory lies beyond theSM.2.2.4 Weakness of the Standard ModelOne of the main weaknesses of the SM is the fat that it ontains a large numberof parameters not determined by theory. At least 19 arbitrary parameters areontained in the SM. In addition several problems lie within this model:� Naturalness problem: Radiative orretions to the Higgs boson mass ourin the diagrams with a fermion loop, as shown in Fig. 2.2. The most im-portant ontribution omes from heavy quarks, and partiularly from thetop quark. These fermion orretions are proportional to �2=m2f where � isassoiated with the Plank sale mpl = 1019 GeV where gravitational e�etsare relevant. The radiative orretions to the Higgs mass diverge quadrat-ially with respet to �. In order to keep the Higgs boson mass light aounter term of the same order of � has to be introdued. The mass of the8



Higgs would ome from the di�erene of these two large terms, whih mustbe as small as the order of the Higgs mass. This required \�ne tuning" issaid to be unnatural.
h
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–

h

Figure 2.2: Fermion loop ontributions to the Higgs boson mass.� In addition, the SM does not provide uni�ation of the three fores disussedearlier and the oupling onstants do not onverge toward the same pointat high energies.� A third problem poses the question of the uni�ation of the SM with grav-itation. Does there exist a quantum gravity theory and, if yes, an it beuni�ed with the three other fundamental interations? Would this theoryneed a spae-time with more than 4 dimensions?In the following setion theories whih might answer these questions are brieydesribed.2.3 Beyond the Standard Model2.3.1 SupersymmetryTheories have been onstruted in whih there exist partiles with exatly thesame properties as the SM partiles, exept for di�erent spins and these theo-ries an solve the naturalness problem mentioned in the last setion. An elegantextension to the SM whih deals with this hypothesis is a theory alled Supersym-metry [10℄. Supersymmetry (SUSY) postulates that there is a symmetry between9



SM and SUSY PARTICLESStandard Model partiles Supersymmetri partilesQuarks (spin 12) Squarks (spin 0)0� ud 1AL uR dR 0� ~u~d 1AL ~uR ~dR0� s 1AL R sR 0� ~~s 1AL ~R ~sR0� tb 1AL tR bR 0� ~t~b 1AL ~tR ~bR ! ~t1;2;~b1;2Leptons (spin 12) Sleptons (spin 0)0� e�e 1AL eR 0� ~e~�e 1AL ~eR0� ��� 1AL �R 0� ~�~�� 1AL ~�R0� ��� 1AL �R 0� ~�~�� 1AL ~�R ! ~�1;2Gauge bosons (spin 1) Gauginos (spin 12)g ~g ~ ~, ~Z, ~H01;2Z ~Z ,! ~�01;2;3;4W� ~W� (Neutralinos)Higgs bosons (spin 0) MSSM HiggsH h, AH�Higgsinos (spin 12)~H01;2 ~W+; ~H+ ! ~�+1;2~H� ~W�; ~H� ! ~��1;2 (Charginos)Table 2.4: The fundamental partiles of the Standard Model are listed on the left andtheir predited supersymmetri partners on the right. The arrows indiate �elds thatmix and the orresponding physial �elds that result. The Minimal SupersymmetriStandard Model (MSSM) requires 4 Higgs in addition to the standard model one.10



bosons and fermions. This implies that every partile has a partner with exatlythe same ouplings but di�ers in spin by one half an integer as shown in Tab.2.4.Within this theory, the diagram in Figure 2.2, where ~f is the supersymmetripartner of f , is inluded with the diagram in Figure 2.3. These diagrams havethe same verties and oupling onstants, and hene at high energy, the samemagnitude for the amplitude. But sine the partile spins are di�erent, the am-plitude has opposite sign. So when alulating a ross-setion, the amplitudesanel yielding a �nite interation probability.
h

f

f
–

h

Figure 2.3: Higgs boson dissoiating into a virtual sfermion-antisfermion pair; at highenergy this diagram anels the equivalent one in Figure 2.2.Some models of SUSY retain a small Higgs mass in a natural way and itprovides a base towards uni�ation of the eletroweak and strong interation. Inaddition SUSY theories give a onsistent predition of the size of the eletroweakmixing parameter sin2 �w. Furthermore SUSY, in the framework of R-parity2onservation, an provide a stable neutral supersymmetri partiles, whih anful�l the dark matter requirements needed in astrophysis and osmology.2.3.2 Alternative PhysisA ertain number of alternative models enlose the idea of a Higgs �eld andgenerate Eletroweak Symmetry Breaking. Two important alternative senariosto the SM are extra-dimensional theories and new types of strong interations.These are disussed in more detail, together with other senarios in [15℄ withinthe framework of e+e� olliders:2R parity relates SM partiles with positive R-parity to their superpartners with negativeR-parity . 11



� Extra-dimensions at a semi-marosopi sale. This approah addresses thegauge hierarhy problem and gives onrete and distintive phenomenology.For example, in suh senarios resonanes would appear for the ross-setione+e� ! �+�� as shown in Fig. 2.4� One an imagine that no Higgs boson exists. In that ase, the eletroweaksymmetry should be broken by some other interations, and gauge bosonsattering should beome strong at a sale of order 1 TeV. Suh theories areoften referred to as strongly oupled theories. Potential signatures withinthis model are expeted to ome mostly from anomalous W+W� oupling[19℄.

Figure 2.4: Cross-setion for e+e� ! �+�� as a funtion of ps showing severalresonanes for large extra-dimension senarios [15℄.
2.4 Potential Physis Studies at the InternationalLinear ColliderThe International Linear Collider (ILC), desribed in Chap. 3, is foreseen to reaha entre of mass energy (ms) of up to 500 GeV with an upgrade to the TeV sale.Within its energy range, several proesses will swith on as shown in Fig.2.5.The ILC is referred to as a high preision mahine as it is designed to provide12



now LHC LCÆMW [MeV℄ 33 15 10Æmt [GeV℄ 5.1 1.0 0.2-0.1Æmh [MeV℄ - 100 50Table 2.5: Current and antiipated future experimental unertainties for the W bosonmass, MW , the top quark mass, mt. The indiret determination Higgs boson mass, mhis also given [16℄.high auray measurements mainly due a lean experimental environment. Asan example, Tab.2.5 illustrates the urrent and antiipated future experimentalunertainties for the mass measurements of the W , the top and the indiretpreision on the Higgs boson mass. If a Higgs boson exists within the TeV

Figure 2.5: Cross-setions for some interesting proesses at the ILC [22℄.range, the ILC will be able to measure the full set of its properties with highpreision. The observables on the Higgs, i.e. its mass, spin, and lifetime, itsprodution ross-setion, and branhing ratios will deide if it has the pro�le of13



the one predited by the SM. Further studies to re�ne the existing preision anthen onstrain the model or reveal its origin from a supersymmetri world orother senarios.2.4.1 Threshold SansA linear ollider, operating near the t�t prodution threshold and at higher en-ergies, an arry out a omprehensive programme of top quark physis. Theross-setion for e+e� ! t�t presents a sharp inrease around the entre of massenergy of 350 GeV. The shape of its threshold prodution ross-setion dependson its mass, its width, the strong oupling �s and the top quark Yukawa ou-pling. The dependane of the ross-setion on the entre of mass energy is shownin Fig.2.6. The e�et of a shift of 10% of the top quark width is also shown toillustrate the variation of the ross-setion as was done in [17℄. This shows thata measurement of the width is most sensitive in the peak of the thresshold san.A areful study of this t�t threshold struture allows for aurate measurementsof eah parameter of the top quark. In addition this study ontributes radiallyto the auray of Higgs preditions. Preise determination of the parametersthat form the shape of the luminosity spetrum is ruial beause the measuredthreshold san depends strongly on it. The measurement of this luminosity spe-trum forms a major part of this thesis. Fig.2.7 shows the modi�ation of thethreshold san as several additional blurring e�ets are swithed on.If SUSY is realised in nature, several shemes would give rise to a rih spe-trum of partiles (Fig. 2.8). Beause the ILC an san its well-de�ned entreof mass energy aross thresholds for new physis prodution it will be able toidentify them one by one and to measure supersymmetri partile masses withvery high preision. If alternative physis is the way that nature expresses itself,several proesses whih are present within the SM suh as e+e� ! �+�� will dis-play variation ompared to the SM predition at high energy. In addition arefulextrapolation beyond the ILC's energy reah will bene�t the physis at very largeenergy sale. 14
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Figure 2.6: Cross-setion near the threshold for a top width �t = 1:43 GeV. Thedotted lines orresponds to a shift of 10% of the top width [17℄.

Figure 2.7: Cross-setion at the top threshold inluding several e�ets suh as beamenergy spread, beamstrahlung and initial state radiation [18℄.2.5 On the omplementarity with LHCThe interplay between the Large Hadron Collider (LHC), being built at CERNand the ILC is detailed in the report in Ref. [19℄. Most of the studies assume thatthe ILC omes into operation while the LHC is still running. During simultaneousrunning, analyses arried out at one mahine ould be adapted aording to theresults obtained at the other mahine. The ILC results ould also serve as an15
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Figure 2.8: Example of mass spetrum for various SUSY model: minimal supergrav-ity (mSUGRA), Gauge mediated symmetry breaking (GMSB) and anomaly mediatedsymmetry breaking (AMSB) [22℄. LHC LHC+LCÆ ~�01 [GeV℄ 4.8 0.05Æ ~�02 [GeV℄ 4.7 0.08Table 2.6: The neutralino RMS values of the mass distribution for LHC alone andombined with measures from the LC [19℄.input for a seond phase of LHC running, inuening possible upgrade options.It is foreseen that the ILC preision allows typial improvements by a fator 2 to10 for standard model proesses and a fator 2 to 3 for minimal supersymmetristandard model proesses. As an example, within SUSY, the auray of thedetermination of the mass of the lightest supersymmetri partile neutralino andof the next-to-lightest one at the LHC would lead to a drasti improvement ofauray with ILC input as shown in Tab.2.6.
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Chapter 3
The Linear Collider and theTESLA Detetor
Considerable physis potential will be opened up at the ILC. New proesses willemerge as the entre of mass energy inreases while, onurrently, their ross-setion generally dereases. High luminosity is therefore required to provide highenough statistis. In the following hapter we will disuss the mahine to providethe high energy and high luminosity as well as the detetor, whih is used tounravel physis proesses. Partiular attention is given to the forward alorimetrywhih is used in Chap. 6 in simulations of the luminosity spetrum measurements.3.1 The Linear ColliderIn addition to ahieving high luminosity, the hoie of a linear ollider is mainlydriven by the amount of energy that an be brought together at the interationpoint keeping as low as possible any losses within the ollider. In a usual irulareletron ring, the eletrons lose some of their energy via synhrotron radiation.In suh a mahine, the energy loss for a partile deeted by a magneti �eldis proportional to the fourth power of the beam energy and the inverse of theaverage ring radius. LEP (Large Eletron Positron ollider) was experiening 1.5GeV of loss per turn for a entre of mass energy of 180 GeV. As a omparison LEP20



running at 500 GeV would lose approximately 90 GeV per turn and ahievinga mahine reahing 500 GeV with relatively low loss would require a ring witha irumferene of 200 km. Therefore irular rings in this respet an not beused to attain very high energy. The solution lies in aelerating the partilesin a straight line i.e. adopting a linear ollider. Until reently, several projetswere under study to provide suh ollider. Although their physis programmewas similar and they all had the goals to ahieve higher energy and luminositythan previous mahines, the proposed tehnologies were di�erent. The mahinedesigns were denoted as:� NLC - the Next Linear Collider, projet driven mainly by SLAC, US;� TESLA - The Tera eletron volt Energy Superonduting Linear Aeler-ator onduted by DESY, Germany;� GLC - the Global Linear Collider brought forward by KEK, Japan.In 2004, the International Tehnology Reommendation Panel (ITRP), hargedto make a hoie of the tehnology for a proposed future international partile a-elerator, reommended superonduting tehnology. Being at the time of writingthe only \old" tehnology partile aelerator, TESLA is disussed in more de-tail in the following setions. The parameters of the International Linear Collider(ILC) are being revisited and might undergo modi�ations suh as the rossingangle and bunh spaing. In addition to the ILC, the European Centre of NulearResearh (CERN) onduts a projet alled the Compat Linear Collider (CLIC)aiming a multi-TeV mahine with high aelerating gradient (150 MV/m), basedon normal onduting tehnology.3.1.1 TESLA Aelerator3.1.1.1 General LayoutThe overall length of the TESLA linear ollider is foreseen to be 33 km. It ismade up of two linear aelerators, eletron and positron, pointing at eah other.21



Eah linear aelerator is onstruted with ten thousand 1-m long superondut-ing niobium avities (Fig. 3.1), eah onsisting of 9 ells and ooled by superuidHelium to T = 2oK. The tehnology of the mahine is thus referred to as oldtehnology. The power dissipation in the avity walls is small, allowing a high

Figure 3.1: The 9-ell niobium avity for TESLA.beam power with low eletrial power onsumption. Thus, the hoie of super-onduting RF o�ers the possibility to use a long RF-pulse (1 ms). It also allowsa relatively large bunh spaing (337ns at Ems=500 GeV) with lower wake�elde�ets than with a mahine with shorter bunh spaing.3.1.1.2 ParametersThe mahine parameters of TESLA are presented in Tab. 3.1. The pulse lengthis often referred to train length as it is onsists of a series of onseutive shortlyinterspaed bunhes and a long waiting time (approximately 199 ms for TESLA)before the next train. Within one seond nearly 14100 bunh rossings our atTESLA-500. The repetition rate (frep = 5 Hz) drives the time interval betweenthe start of eah train. The low RF-frequeny (fRF=1.3 GHz) is suitable for ahigh peak power system that onverts AC-power to RF-power used to aeleratethe bunhes. One of the most notieable features of the beam is its atness asat the interation point the beam size is designed to be 553(x)� 5(y) nm for the500 GeV entre of mass energy mahine. A at beam limits the beamstrahlungas desribed in Se. 6.2.2.
22



TESLA-500 TESLA-800Aelerating gradient Ea [MV/m℄ 23.4 35RF-frequeny fRF [GHz℄ 1.3Lina Repetition rate frep [Hz℄ 5 4Total site length Ltot [km℄ 33 33Ative length [km℄ 21.8No. of aelerator strutures 21024Beam pulse length TP [�s℄ 950 860No. of bunhes per pulse nb 2820 4886Bunh spaing �tb [ns℄ 337 176Charge per bunh Ne [1010℄ 2 1.4Emittane at IP �x;y [10�6m℄ 10, 0.03 8, 0.015Beta at IP ��x;y [mm℄ 15, 0.4 15, 0.4Beam size at IP ��x;y [nm℄ 553, 5 391, 2.8Bunh length at IP �z [nm℄ 300 300Beamstrahlung ÆE [%℄ 3.2 4.3Luminosity Le+e� [1034m�2s�1℄ 3.4 5.8Power per beam Pb=2 [MW℄ 11.3 17.5Table 3.1: LC parameters for the baseline design of TESLA [17℄.
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Figure 3.2: Sketh of the overall TESLA layout with the optional seond interationpoint [17℄. The X-ray laser faility is now being built separately.3.1.1.3 The Linear ColliderA linear ollider is built up with various setions, whih all provide a spei� anddi�erent task. A brief overview is given in the following setion. The low energybeam from the injetor is aelerated before being injeted into a damping ringto redue its emittane. The bunhes are then sent to a bunh ompressor and�nally into the main lina (linear aelerator) before reahing the beam deliverysystem and the interation region. 24



Injetor The injetion systems provide the eletrons and positrons for eahbeam with the required time struture and harge per bunh. Its design is, forTESLA, based on the existing TTF (TESLA Test Faility) aelerator. Theeletron beam is generated in a laser-driven gun via the photoeletri e�et: alaser is direted to a Cs2Te photoathode whih generates photoeletrons. Theseare then aelerated by DC voltage. The positrons are reated via e+e� pairprodution by direting high energy photons on a target. For the urrent designstwo approahes are foreseen: the �rst approah, said to be onventional, makesuse of high energy eletrons whih strike a thik target. The primary eletronsgenerate high energy photons via bremsstrahlung, and these are onverted withinthe same target into the eletron positron pairs. In the seond approah, photonsare primarily generated in an undulator, where high energy eletrons (�150 GeV)are passed through to produe high energy photons. The undulator onsistsof a series of dipole magnets. The alternating �eld, set up by the alternatingdipole arrangement within the undulator, auses the beam to osillate in itstrajetory and photons are then emitted. The seond approah has the advantageof having muh less power deposition in the target and the emittane an beonstrained. TESLA foresees the use of the seond approah and its designintegrates an undulator at the end of the eletron aeleration, upstream of theinteration region. Both beams, eletron and positron, are then aelerated bysuperonduting strutures up to the energy required for the damping ring. (5GeV for TESLA).Damping Ring In order to produe a minimum spot size at the interationpoint, it is neessary to minimise the transverse emittane of the beam. Thedamping rings are used to redue the transverse beam emittane, by the use ofsynhrotron energy radiation losses. The beams are injeted into the dampingring and irulate many times: When the partiles pass around the ars in thedamping ring, their urved trajetories ause synhrotron radiation (SR) to beemitted, reduing the energy of the partiles. The partile is then aelerated.This narrows the angle of the eletrons within the beam and redue the emittane.25



In addition wigglers, similar tehnology to undulators, are also used in one of thestraight setions of the damping ring to further inrease the damping rate perrevolution.A \hiane" is introdued after the damping ring and before the main linato ompress the beam longitudinally. The relative path length di�erenes for lowand high energy parts of the bunh ause the bunh to ompress longitudinally.The bunhes an then be sent to the main aelerator.Main Lina The ore of the TESLA projet is the aelerator alled the mainlina. The eletron and positron beams are aelerated from 5 to 250 GeV at agradient of Ea=23.4 MV/m for the 500 GeV ase. The eletron and positronlinas have a total length of 14.4 km eah. The 10296 9-ell avities per linaare ontained in ryomodules whih also house fousing quadrupoles, steeringmagnets and beam position monitors (BPM).Beam Delivery System The Beam Delivery System (BDS) transports thebeams from the exit of the linas to the interation point, where they are broughtinto ollision. It serves several funtions, suh as produing the strong demagni�-ation to obtain the small beam size at the IP, hromati orretions, ollimation,maintaining the beam in ollision with the help of a feedbak system and provid-ing diagnostis for the emittane measurements.3.2 TESLA DetetorThe physis programme disussed in Chap. 1 is translated into detetion require-ments. From a general point of view, the detetor has to provide good trakingand energy resolution. In addition, high hermetiity is needed in order to let asfew partiles as possible esape undeteted.
26



3.2.1 OverviewThe overall detetor is foreseen to be 14.8 m in length and 14.9 m in diame-ter. It onsists of vertexing detetors, traking devies and eletromagneti andhadroni alorimeters. A superonduting oil provides a large magneti �eld of4 T throughout the entral detetor.

Figure 3.3: Quadrant view of the TESLA detetor [22℄.3.2.2 Traking SystemThe traking system surrounds the IP and measures partile traks before theyenter the alorimeter. Its omponents are, from the inner-most to the outer most,a vertex detetor (VTX), silion traking detetors in the barrel (SIT) and in theforward region(FTD), a Time Projetion Chamber (TPC) and a forward hamber(FCH) behind the TPC.� As lose as possible to the IP lies the multi-layered pixel miro-vertex de-tetor with an inner radius of 1.5 m and an outer radius of 6 m. It27



is primarily optimised to reonstrut seondary verties in b and -quarkdeays;� The main role of the silion traking detetors is to improve the momentumresolution by the addition of a few very preisely spaed points at ompar-atively large distanes from the IP. The SIT onsists of two ylinders ofdouble sided silion strip detetors. The required resolution in r� is 10 �m.The z measurement of the SIT is mainly needed to improve the trak �ndingeÆieny. For this purpose a resolution of 50 �m is onsidered suÆient;� the FTD onsists of pixel detetors in the �rst three layers and strip dete-tors in the last four. The resolution requirement is 25 �m;� The large Time Projetion Chamber (TPC) will play a entral role in both�nding and measuring the harged partiles. To ensure good solid angleoverage, good trak resolution, and simultaneously good determinationof the spei� energy loss (dE/dx) of partiles, many points need to bemeasured along eah trak; 200 suh points are foreseen for the TPC.This ditates that the hamber should be rather large, both radially andlongitudinally, limiting as well the possible total amount of energy loss ofthe inoming partiles. The TPC with an outer radius of 170 m and anoverall length of 556 m onsists of two gas-�lled hambers separated by aathodi membrane. The radiation length from the inner side of the TPCto the outer side is 0.03 Xo. The atual preferred readout tehnologies arethe Gas Eletron Multipliers (GEM) type onsisting of a thin polymer foilperforated by a high density of small holes or Miromegas type build upwith thin metalli meshes;� The forward Chambers (FCH) extend radially from the inner radius of theTPC to just below the outer radius of the TPC �eld age and eah isapproximately 6 m thik.The traking follows the path that the harged partiles make in a magneti �eldand thus allows their momentum to be measured. For the overall traking, the28



goal of the momentum resolution is Æ( 1pt ) � 5� 10�5(GeV=)�1.3.2.3 Calorimetry3.2.3.1 OverviewA alorimeter is a blok of matter that is of suÆient thikness to ause theprimary partile to interat and deposit all of its energy in a subsequent \shower"of inreasingly lower energy partiles. Calorimeters an measure the energy ofphotons, eletrons, positrons and hadrons, but not neutrinos, whih interat viathe weak fore only, or muons, whih are too heavy to lose suÆiently rapidlyenergy by radiation.After interation with an inoming partile, the internal struture of thealorimeter is in an exited state. The return to the fundamental state oursthrough the emission of an eletrial, optial or thermal signal whih is propor-tional to the inoming partile energy. Getting the signal with the appropriatealibration leads to the determination of its energy.3.2.3.2 Eletromagneti and Hadroni CalorimetersThe main omponents of the alorimetry in the TESLA detetor are the ele-tromagneti alorimeter (ECAL) and the hadroni alorimeter (HCAL). Bothalorimeters are antiipated to be dense and hermeti sampling detetors withhigh granularity in order to separate the ontribution of di�erent partiles andmeasure their four momenta.3.2.3.3 Forward CalorimetryThe forward alorimeters extend the hermetiity of the overall detetor, as re-quired by many possible new physis signatures. In addition the instrumentationof the forward region plays a ruial role in the measurement of the luminosityand its spetrum. 29
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ative sensors. The performane study of the BeamCal has been detailed in [2, 8℄.The Luminosity alorimeter: The LumiCal is planned to be loated at adistane of 300 m approximately on both sides of the interation point, overingan annular surfae between radii of 8:0 m and 25:0 m from the beam line andpolar angle1 � between 26 and 82 mrad. The alorimeter is expeted to be asilion tungsten sandwih detetor with a similar struture to the alorimetershown in Fig.3.5 [8℄. It is subdivided radially in ylinders, azimuthally in setors

Figure 3.5: The struture of the half barrel of the luminosity alorimeter. The sensorsare interspersed between the tungsten disks.and longitudinally in rings. Eah ring onsists of tungsten and a sensor plane.The thikness of a tungsten disk is one radiation length i.e. 3.5 mm.An energy resolution of 25% �pE[GeV ℄ has been assumed [8℄ although theluminosity alorimeter geometry is, at the time of writing, under modi�ationand the resulting resolution is under study.3.2.4 Muon SystemThe basi task of the muon system is to provide muon identi�ation and serve asa ag or a tail ather for hadroni showers. The muon detetor is loated behind1the polar angle � and the azimuthal angle � are de�ned w.r.t. z and x, respetively.31



the alorimeters and the oil. The iron of the ux return for the 4T magneti�eld of TESLA is used as an absorber with a thikness of 1.6m. The overalllongitudinal size of the muon identi�er is foreseen to be 14.4m and to extendradially from 3.80 to 5.80 m for the barrel.
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Chapter 4
The Laser Wire Projet
4.1 From Emittane to LuminosityThe evolution of a beam of partiles through a beam transport system an beharaterised by the evolution of its transverse phase spae. A graphial rep-resentation of the phase spae gives the angle of motion and position of everypartile in the beam. It is ustomary to de�ne an ellipse in phase spae on-taining a ertain perentage, traditionally 95%, of the beam partiles, alled thephase ellipse as shown in Fig. 4.1. The area enlosed by the ellipse is alled thebeam emittane � de�ned, for example in the x-plane, byZellipse dxdx0 = �� (4.1)where x0 = dxdz is the angle of the individual partiles with respet to the nominalbeam diretion. The emittane is a measure of the beam quality. Two di�erentemittanes are de�ned in the transverse plane: the horizontal emittane �x, andthe vertial emittane �y. A property of the phase spae is that its area is invariantif only fousing and bending fores are applied to the beam. This onservationlaw is alled the Liouville theorem. Thus the emittane is an invariant in abeam delivery system of a linear ollider where the partile energy is onstant.To aount for hanges in the partile momentum and deal with a onservedemittane, a \normalised emittane" �n is de�ned whih is proportional to the35



relativity parameters �1 as �n = (�)� (4.2)The trajetory of a partile through an arbitrary beam transport system an be
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Figure 4.1: Phase spae diagram in one dimension.determined by its betatron funtion. It is a harateristi of the fousing foresapplied to the beam and is highly dependent on the partiular arrangement ofquadrupole magnets. It is also alled amplitude funtion as it de�nes the aspetratio of the ellipse semi-axes in the x diretion over the one in x0 diretion.Both the betatron funtion and the beam emittane determine the luminosityof the olliding beams at the interation point [1℄,L = f N2bHD4�p��x��xp��y��y (4.3)where L is the luminosity for the head-on symmetri gaussian beam ollision, Nbis the number of partile in eah bunh (onsidered equal), f is the repetitionrate times the number of bunhes per bunh train, HD is the enhanement fatordue to pinh and hourglass e�ets, ��i is the betatron funtion for the transverse i-dimension (i = x; y) at the interation point, ��i is the emittane and the relation��i = p��i��i was used. For maximum luminosity, as indiated in Eq. 4.3, avalue of �i as small as possible is desirable. The beam delivery system plays animportant role for the luminosity performane as it prepares the beam for theinteration as disussed in Se. 3.1.1.3. It is important that the emittane does1� = v , with  the veloity of light, and  = 1p1��236



not inrease signi�antly in the BDS and therefore a areful monitoring of itsvalue is essential.4.2 Measuring the EmittaneSine the beam emittane is a measure of both the beam size and the beamdivergene, its value an not be measured diretly. In drift spae, without anyoptis, the emittane naturally rotates as shown in Fig. 4.2. Thus if the beamsize is measured at di�erent loations, di�erent parts of the ellipse an be probedby a beam size monitor and the beam emittane an be determined. Typial
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Figure 4.2: The emittane measurements: the beam envelope propa-gates in drift spae (1). Snapshots of the phase spae at several measure-ment stations is performed (2). The projetion is then used to determinethe ellipse of the emittane.BDS beam sizes for TESLA, CLIC and NLC/GLC are listed in Tab. 4.1. Theeletron bunh transverse pro�le has been measured in the past by intersetingthe eletron beam with a solid wire and by ounting the subsequent bakgroundrate as a funtion of the relative position of wire and bunh. Using this teh-nique, resolutions of typially a few �m an be obtained, at the expense of somesigni�ant disruption to the beam. This tehnique annot be used universally at37



CLIC NLC/GLC TESLABDS �x [�m℄ 3.4 to 15 7 to 15 20 to 150�y [�m℄ 0.35 to 2.6 1 to 5 1 to 25Table 4.1: Beam spot sizes for various Linear Collider designs. Quoted numbers forCLIC [5℄, NLC/GLC [6℄ and TESLA [7℄.the ILC, however, beause the beam spot sizes an be muh smaller, the need forontinuous measurement preludes an invasive tehnique and the intensities areso great that the wires would be quikly damaged, even if swept rapidly throughthe beam. For these reasons, it is neessary to develop a novel tehnique thatan run ontinuously and reliably during mahine operation, that does not getdestroyed by the beam and that an be suÆiently fast so as to be sensitive toindividual eletron bunhes within bunh train. A laser based pro�le monitor isnon-invasive and disturbs very little the observed beam [3℄. It has as well theadvantage of having a minimum measurement size substantially smaller than the�bres used for the solid wire tehnique. The laser-wire, desribed in detail in thefollowing setions, provides suh a tool to monitor the beam size. At least �vestations will be required for eah lepton beam, possibly �red by a single lasersystem. Eah station will need to provide a pro�le along two diretions.4.3 Priniple of the Laser-WireThe laser wire measures the transverse eletron beam size by sanning a narrowlaser beam transversely over an eletron beam as shown in the layout of Fig. 4.3.A high power laser beam is divided into two di�erent optial paths for sanningthe horizontal and vertial beam size. The strongly foused laser beams interatwith the eletron bunh reating Compton sattered photons. The eletron beamis then bent away while the Compton sattered photons travel along a straightline, where they are deteted with a alorimeter. Sattered eletrons are bentmore strongly than partiles with the nominal energy, enabling detetion at a38



loation after the bending magnet. The proof of priniple of this tehnique was
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Figure 4.3: Layout of the laser-wire.�rst demonstrated at the Stanford Linear Collider (SLC) [4℄ and a di�erent designis presently being tested at the Aelerator Test Faility (ATF) at KEK [8, 9, 10℄.The SLC design used a high power pulsed laser beam, transported over 17 m tothe IP within the Stanford Linear Detetor (SLD) experiment. The very tightspae and aessibility of this loation led to a highly engineered design, withthe laser position �xed in spae. The operation of the devie then required theeletron beam to be sanned aross the laser beam and, in this sense, this laserwire was still an invasive devie. The ATF design uses a ontinuous wave laser andthe entire optial system is moved relative to the eletron beam using steppingmotors. The aim of the Laser Based Beam Diagnosti (LBBD) [11℄ ollaborationis to elevate these design to a ompat, non-invasive devie where a high powerpulsed laser is sanned aross the eletron beam using either piezo-driven mirrors,aousto-opti devies or eletro-opti tehniques.4.4 Gaussian Beam SignalThe laser beam is foused to a small gaussian spot with sigma �0. Considering adi�ration limited, �nely foused beam waist, the minimal ahievable spot radiusis given by �0 = �=(2��), where � denotes the laser wavelength and � the half39



opening angle of the laser beam at the waist as shown in Fig. 4.4. The distaneover whih the laser beam diverges by p2 of its minimum size is alled theRayleigh range xr and de�nes the usable length of the laser at the interationpoint.
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beam energy of 4.5 GeV and a laser power of 2 MW. N bunhC is approximately1533 photons with �0=1 �m and �y=20 �m.
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4.5 Compton SatteringThe physial proess of relevane to the laser-wire is Compton sattering e�+ !e� + , where an unpolarised photon interats with a relativisti eletron (orpositron) to give an energy degraded eletron and a boosted photon. The ross-setion for the Compton sattering eletron, is given by [13℄� = �o34[1 + ��2 (2�(1 + �)1 + 2� � log(1 + 2�)) + 12� log(1 + 2�)� 1 + 3�(1 + 2�)2 ℄ (4.6)The energy spetrum of the resulting gamma-rays, shown in Fig. 4.6 is given
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by [13℄: d�d! = 3�o8 ( 11� ! + 1� ! + � !�(1� !)�2 � 2!�(1� !)) (4.7)where ! = �Ebeam is the gamma-ray energy normalised to the eletron beam energyEbeam, �o = 6:65�10�25 m2 is the Thomson sattering ross-setion and � =  �omeis the photon energy in units of me in the eletron rest frame. �o and � refer tothe inoming and outgoing photon energy respetively 3. The maximum energyfor the sattered photon is Emax = 2Ebeam�1+2� . The Compton sattered photons'
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Figure 4.6: Di�erential ross-setion in arbitrary unit of the Comptonphoton energy � for an eletron beam energy of 4.5 and 7 GeV and alaser wavelength of 532 nm.angular distribution is sharply peaked in the initial positron beam diretion andthe photons are thus on�ned within a one of angle  = 1+2� as seen in Fig. 4.7.In order to measure the total amount of energy oming from the burst of thesattered photons at eah interation a dediated alorimeter was built, whihis detailed in the next hapter. Nonetheless, the �rst task for the experimentis to de�ne an appropriate loation at an aelerator. Prior to this, possiblebakgrounds for the signal desribed above are now investigated.3For a laser with wavelength 532 nm, �o=2.33 10�9 GeV.42
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4.6.1 Synhrotron RadiationSynhrotron Radiation (SR) ours when a high energy harged partile enters amagneti �eld and its trajetory is bent. A subsequent loss of energy is observedas an emission of photons.The ritial photon energy is often used to de�ne SR as it marks the spetralpoint for whih one-half of the total power is irradiated at lower photon energies,and one-half at higher [14℄. It is alulated, given the bending magnet at PETRAof �dipole = 28:05 mrad, using [19℄:Erit = 3~2 3�dipoleLdipole (4.8)with Ldipole the length of the dipole and  = Ebeamme the Lorentz fator.SR spetrum generation, spei�ed by Erit, is performed with a Monte Carloalgorithm desribed in [17℄. Fig. 4.8 shows the normalised probability densityfuntion (pdf) of the photon energy for suh a proess.
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Figure 4.8: Synhrotron radiation probability density funtion of thephoton energy (1 bin = 110E=Erit).The number of SR photons NSR whih are on average emitted per positronin a bunh - seen by a detetor of width a at a distane L from the area where44



the detetor points to, as illustrated in Fig. 4.9 - an be omputed using:NSR = 5�2p3dlR (4.9)with R = Ldipole�dipole = 189 m the bending radius of the magnet, dl = R aL = 0:47mthe beam length over whih photons emitted tangentially to the beam will enterthe detetor, and � = 1137 the �ne struture onstant.
L

e

R
dipole

dl +

a

detector

Figure 4.9: Drawing showing the de�nition of the parameters for thealulation of the number of SR photons.4.6.2 BremsstrahlungBesides SR the beam an lose partiles via various interations eg intrabeamsattering and beam gas sattering. The main bakground proess whih anlead to a prodution of photons, and hene is added to the Compton signal isBremsstrahlung sattering and is studied below. It ours when an eletron (orpositron) is deeted by the nuleus or the eletrons within a residual gas atom.The resulting gamma-rays produe a ontinuous spetrum from zero to the energyEbeam of the inoming positron as plotted in Fig. 4.10.4.6.3 Thermal PhotonsA third bakground omponent is produed by interation with thermal photons.Thermal photons originate from the blakbody radiation of the beampipe gas.The radiated photons interat with the positron beam via the Compton proessand then give rise to sattered photons.45



Figure 4.10: Simulation of the bremsstrahlung photon spetrum beforepassing through any subsequent material.The density pth expressed in number of photons per m3 within a volume, herethe beampipe, an be alulated by [18℄:pth = Z +10 x2ex � 1 dx (kBT )3�2(~)3 = 2�(3)(kBT )3�2(~)3 = 2:4(kBT )3�2(~)3 � 20:2 � T 3 (4.10)where kB is the Boltzmann onstant (kB = 8:617 �10�5eV=k�1), T is the absolutetemperature of the blakbody in Kelvin and pth = 5:33 � 1014 m�3 at roomtemperature (T � 300 K).The rate of suh ollisions per bunh an then be alulated using:Nth = pthLbmpNe�0 (4.11)with Ne the number of eletrons (positrons) per bunh, Lbmp the length of thebeampipe and �0 the Thomson ross-setion 4. The values are given below inSe. 4.7.2.3. The total energy of photons per unit volume is [18℄:U(T ) = �2(kBT )415(~)3 (4.12)The average energy of the thermal photons Eth an be derived:Eth = U(T )pth = �415� 2:4kBT � 2:7kBT � 2:3 � 10�4[T ℄eV (4.13)4Thomson sattering is the sattering of eletromagneti radiation by a harged partile and�0 = 6:65� 10�25 m2 46



At room temperature the average photon energy is approximately 0.07 eV.4.7 PETRA Tests4.7.1 PETRA RingsPETRA (Positron Eletron Tandem Ring Aelerator) is now a pre-aelerator ofpositrons and protons for the HERA ollider and is as well used as a synhrotronsoure for the HASYLAB test experiments. The PETRA ring o�ers positron(or eletron) beams with energies typially of 4.5, 7 and 12 GeV with a beamlifetime of 10 hours. It is therefore a very stable mahine. It has a irumfereneof 2304 m and an irulate 40 bunhes at the same time, with a minimuminter-bunh distane of 192 ns and a bunh harge of the order of 1010 positrons,parameters similar to those foreseen for TESLA. The positron bunh length istypially 100 ps and its beam energy spread is approximately 0.075%.
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were the possible positions for the detetor of the laser-wire experiment. Thevarious relevant beam parameters are gathered in Tab. 4.2. Loation 1 (LOC1)Beam energy 4.5 and 7 GeVBeam urrent 1.55 to 1.77 mAPartiles per bunh 7.5 to 8.5 1010Average vauum pressure 1 to 2 10�12barBeam lifetime 10 hoursTable 4.2: PETRA Beam Parameters relevant for bakground measurements.is based at the beginning of a straight setion behind a dipole whereas loation2 (LOC2) is situated approximately 98m away at the end of the straight setion.The detetor in loation 2 is positioned behind a dipole and plaed between ashort vertial magnet and a quadrupole. The pressure inside the beampipe ismeasured using 7 pressure monitors lying along the straight setion.4.7.2 First Bakground SimulationsA lose-up of the experimental setup is displayed in Fig. 4.12. The Comptonphotons enter the aluminium wall of the beampipe and are then deteted. Thesimulation inludes a vauum beampipe, a dipole, an aluminium beampipe walland a detetor as shown in Fig. 4.13.
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Figure 4.13: Setup of the simulation.4.7.2.1 Synhrotron RadiationSynhrotron Radiation bakgrounds were simulated using the methods desribedin Se. 4.6.1 for two PETRA eletron beam energies. The ritial photon energiesare approximately 1 keV for 4.5 GeV and 4 keV for 7 GeV and the number ofemitted photons per positron is 0.231 and 0.360 for 4.5 and 7 GeV respetively.The ontribution of SR photons to the overall bakground spetrum is shown inFig. 4.14.4.7.2.2 BremsstrahlungBakground measurements on the same bunh are presented in Se.4.7.3.2 withPETRA running at 130 kHz. Thus simulation over 130000 bunhes, orrespond-ing to 1 se. measurement time, was performed with GEANT3 inluding astraight setion of 10 m length for loation 1 and 98 m for loation 2. Respe-tively, approximately 0.29 and 2.85 photons are emitted per bunh. The vauumpressure inside the beampipe was set to 1:5 � 10�9 mbar.4.7.2.3 Thermal PhotonsThe subsequent Compton photon energy distribution is similar to that displayedin Fig. 4.6 but with a maximum energy of approximately 10.8 MeV and 26.2 MeVfor positron beams of 4.5 GeV and 7 GeV respetively. The number of radiatedphotons Nth per bunh is 0.026 for loation 1 and 0.26 for loation 2.
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4.7.2.4 Simulation ConlusionsThe bakgrounds are added together. Results of the various bakground simula-tions are depited in Fig. 4.14 for an energy range between 0 and 600 keV. The

Figure 4.14: Simulation results at two loations for a positron beamenergy of 4.5 and 7 GeV over 130000 bunhes. No energy resolutionfrom a detetor is applied.results demonstrate that the expeted number of events deteted, �, follows aPoisson distribution beause of the low number of photons reahing the detetor.Thus, for eah SR bakground proess the probability Pn for n photons detetedafter a single bunh is given by:Pn = �nn e�� (4.14)Results from SR simulation have shown that a negligible number of photonsgo through the beampipe material at 4.5 GeV (upper limit � 1 � 10�15 photons50



per bunh) but at a beam energy of 7 GeV peaks are observed as depited inFig. 4.14. Due to Poisson statistis a high peak is obtained when no photons areobserved, and following peaks, apart by 60 keV, arise for ases when one, two ormore photons reah the detetor. Beam gas bremsstrahlung results, presented inFig. 4.14, show that the bremsstrahlung photon spetrum overs a muh widerrange of energies than presented in the plots.4.7.3 First Bakground Measurements4.7.3.1 Detetor Setup and CalibrationBakground measurements were arried out using a CsI(TI) rystal of size 15�15 � 100 mm3 glued to a photomultiplier Hammatsu R268. The light-tight boxinluding the rystal and the photomultiplier was positioned tangentially to thebeampipe and 30 m away from the dipole magnets to avoid any eletromagnetie�ets on the detetor. The signal from the photomultiplier is sent via a hargesensitive pre-ampli�er to a shaping iruit. The bipolar output of the shapingiruit is used to generate a lok signal via a disriminator and a gate/delay unitwhile the unipolar output is onneted to an analogue/digital (A/D) board. Thealibration was ahieved with the 660 keV peak of a 137Cs radioative soure. Anattenuator onneted between the test pulse and the pre-ampli�er was used toobtain the pedestal and hene hek that the pedestal orresponds to an energyof zero keV in the �nal A/D board. Analysis of the alibration data reveals anenergy resolution of approximately 4%.4.7.3.2 Measurements ResultsResults of the measurements at both loations with two beam energies are plot-ted in Fig. 4.15. SR and residual gas bremsstrahlung, desribed in Se. 4.7.2, arethe two dominant bakground soures. At 4.5 GeV in both loations the energyof the photons overs the whole measurement spetrum; only photons from gasresidual bremsstrahlung reah the detetor. In loation 2 more photons are de-51



Figure 4.15: Bakground measurements at two loations for a positronbeam energy of 4.5 and 7 GeV. Data is taken over 130000 bunhes.teted. At 7 GeV in both loations peaks are observed at n� 60 keV for integern, whih is the signature of SR as shown in the simulation setion. However,in loation 1 more photons from this proess are observed. A high peak is alsofound at zero keV in the various �gures whih orresponds to the ase where nophotons are deteted as expeted aording to Poisson statistis.4.8 ConlusionMeasurements and simulations of the bakground for the PETRA laser-wire ex-periment were performed at 2 loations and 2 positron beam energies. Theseindiated a high rate of photons oming from synhrotron radiation but with lowenergies and a low rate of bremsstrahlung photons with energies possibly as highas the beam energy. The simulations were arried out with 145 mm of aluminiumthikness. In fat an e�etive length of more than 1 m of Aluminium is loated in52



front of the present alorimeter position due to the shallow angle of the photonsin the beampipe. However the onlusion of this study was that bakgroundswere not a problem for the PETRA laser-wire (unlike the ase at ATF [10℄) andso enabled the laser-wire ollaboration to proeed with installation of a vauumvessel at the IP. The laser-wire experiment has sine installed a vauum windowthat allows e�etively all the signal to pass through, while the bakgrounds arestill under ontrol.

53



Bibliography
[1℄ A. W. Chao and M. Tigner, \Handbook of aelerator physis and engineer-ing", Singapore, Singapore, World Sienti� (2002) 654 p.[2℄ P. Tenenbaum and T. Shintake, \Measurement of small eletron-beamspots", Ann. Rev. Nul. Part. Si. 49 (1999) 125.[3℄ V. I. Telnov, \Is a laser wire a non-invasive method?", Nul. Instrum. Meth.A 513 (2003) 647[4℄ R. Alley et al., \A Laser-Based Beam Pro�le Monitor For The SLC/SLDInteration Region", Nul. Instrum. Meth. A 379 (1996) 363.[5℄ R. Assmann et al., \Design status of the CLIC 3-TeV beam delivery systemand damping rings", CERN-SL-2000-058-AP[6℄ P. Tenenbaum, L. Eriksson, T. Markiewiz, T. O. Raubenheimer andA. Ringwall, \New developments in the Next Linear Collider beam deliv-ery system design", SLAC-PUB-8135[7℄ R. Brinkmann, N. Walker, O. Napoly and J. Payet, \A new beam deliverysystem (BDS) for the TESLA linear ollider", DAPNIA-SEA-00-04[8℄ Y. Sakamura et al., \Development of a laser wire beam pro�le monitor. I",arXiv:hep-ex/9907054.[9℄ H. Sakai et al., \Development Of A Laser Wire Beam Pro�le Monitor. II",Nul. Instrum. Meth. A 455 (2000) 113.54



[10℄ H. Sakai et al., \Measurement Of An Eletron Beam Size With A Laser WireBeam Pro�le Monitor", Phys. Rev. ST Ael. Beams 4 (2001) 022801.[11℄ Laser Based Beam Diagnosti Collaboration, http://www.pp.rhul.a.uk/~kamps/lbbd/[12℄ T. Shintake, \Proposal of Nanometer beam size monitor for e+ e- linearolliders", Nul. Instrum. Meth. A 311 (1992) 453.[13℄ I. F. Ginzburg, G. L. Kotkin, V. G. Serbo and V. I. Telnov, \CollidingGamma e And Gamma Gamma Beams On The Basis Of Single CollisionEletron Positron Aelerators", Nul. Instrum. Meth. A 219 (1984) 5.[14℄ G. Margaritondo, \Introdution To Synhrotron Radiation", New York,USA: Oxford Univ. Pr. (1988) 280p.[15℄ G. A. Blair, J. Frish, K. Honkavaara, T.Kamps, F. Poirier, I. N. Ross, M.Ross, H. Shlarb, P. Shmuser, S. Sreiber, D. Sertore, N. Walker, M. Wendt,K. Wittenburg, \Proposing a Laser Based Beam Size Monitor for the FutureLinear Collider", PAC2001, Chiago, TPHA051.[16℄ K.Balewski, G. A. Blair, T.Kamps, F. Poirier, D. Sertore, K. Wittenburg,\Simulation Studies and Bakground Measurements for a Laser Based BeamSize Monitor for Future Linear Collider", PAC2001, Chiago, TPAH052.[17℄ H. Burkhardt, \Monte Carlo Generator For Synhrotron Radiation", CERN-LEP-NOTE-632.[18℄ B.H. Bransden and C.J. Joahain, \Quantum Mehanis", Prentie Hall,New York 2000.[19℄ J. D. Jakson, \Classial Eletromagnetis", 2nd edition John Wiley & Sons,New York 1975.
55



Chapter 5
The Laser-Wire Calorimeter andResults at PETRA
The laser-wire uses a �nely foused laser beam to measure the transverse pro�leof positron bunhes by deteting the Compton sattered photons. As desribedin Se. 4.4, the total energy of the bunh of sattered photons emitted duringthe interation of the laser and the positron beam is dependent on their relativepositions. A alorimeter is needed to detet the sattered Compton photons. Ithas to be loated lose to the beampipe and so be radiation hard. In addition, thealorimeter has to be fast enough to avoid pile-up from suessive bunhes. Lead-tungstate rystals were hosen to satisfy the above requirements, as desribedbelow, and used suessfully for the �rst transverse beam-size measurements witha laser-wire at PETRA.5.1 SintillationSintillation is the physis proess by whih absorbed energy in a medium istransformed into photons that an be deteted. In an inorgani substane it isessentially a rystal property of insulators and semi-ondutors, where the energybetween the valene band and the ondution band is of order an eletronvolt.Under external radiation, the eletron of the valene band an \jump" to the56



ondution band (ionisation phenomenon), or, if the energy is not suÆient forthe eletron to reah the ondution band, it remains bound to a positive hole,reating an eletron-hole ombination in an exited state, alled an exiton. Lu-minesene then appears with the subsequent reombination as shown in Fig. 5.1.This desription an only be applied to perfet (or intrinsi) rystal latties. In
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Figure 5.1: Sintillation proess in intrinsi inorgani rystals [5℄.most ases, luminesene is due to an emission entre onsisting of impurities in-trodued with a ontrolled quantity. These impurities are energetially loalisedbetween the valene and ondution band thereby reating additional energy lev-els. The apture of an eletron from the ondution band, by the entre leads toan exited state. Return to the fundamental state ours through various ways[1℄: if it is a luminesent entre, the transition is radiative and if it is a \quenh-ing" entre, the transition is non radiative and the exitation energy of the entreis thermally dissipated.PbWO4 sintillation - Lead tungstate sintillation mehanisms are not allknown, and researh on this subjet is diÆult beause eah rystal, whih annot be built rigorously under exatly the same onditions has di�erent properties.Nonetheless there are two distinguishable emission lines, one blue line at 420 nmand a green line at 500 nm.Lead tungstate onsists of Pb2+ ions bound to the so alled entres W02�4 and57



Density 8.28 g=m3Radiation length 0.89 mMoli�ere radius RM 2.19 mEmission peak 420-440 nmDereasing time 15 ns (60%)100 ns(1%)Refrative index 2.3Table 5.1: PbWO4 rystal harateristis.(WO3 + F) within the matrix forming the rystal, with F being an impurity in therystal. Eah sintillation line is due to the ativation of the lead ions assoiatedwith eah entre. Thus the blue line orresponds to the exiton of the lead, boundto the (WO4)2� group. This onstitutes the harateristi luminesene entre oftungstates. The peak of the emission spetrum for the lead tungstate rystal istypially around 420 nm for photoluminesene and 440 nm for radioluminesene[3℄. A subsequent light olletion system has to be arefully hosen in aordanewith these peak emissions.5.2 Lead Tungstate CrystalsLead tungstate rystals were hosen for their ompatness, their fast responseand their radiation hardness; Tab. 5.1 lists their main harateristis. The CMSeletromagneti alorimeter [6℄ R&D programme of the last few years has led to abetter understanding of the radiation damage mehanism. The main onlusionis that radiation a�ets neither the sintillation mehanism nor the uniformity ofthe light yield along the rystal. It only a�ets the transpareny of the rystalsthrough the formation of olor entres and the transport of light is hanged byself-absorption of the rystals [2℄. Most of the light is olleted within 100 nswhih makes PbWO4 a very fast sintillator.The main problem with the rystals is the high sensitivity of their light yield58



to temperature variation. Previous studies by the CMS group has indiated atemperature dependene of -1.98%/K in the temperature region of 250-300 K. Amore detailed study on the dependene of the alorimeter output with tempera-ture variation is presented later on.5.3 Detetor Geometry5.3.1 Individual Crystal DesriptionLead tungstate has a radiation length and Moli�ere radius of 0.89 and 2.19 mrespetively, whih makes eletro-magneti showers ompat ompared to othersintillation materials. Simulation performed with GEANT4 [4℄ and taking intoaount various PbWO4 rystal sizes, indiates that a length of 150 mm andan overall front fae of 54 mm is enough to ontain 91% of the eletromagnetishower from an inoming 300 MeV photon as displayed in Fig. 5.3. In addition inorder to optimise the olletion of light inside the rystal and minimise the loss,the rystals are polished as shown in the Fig. 5.2. They are also non tapered inorder to �t easily together.

Figure 5.2: Single 150 mm long lead tungstate rystal piture as used for the laser-wirealorimeter.
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Figure 5.3: Relative energy deposit for 300 MeV photons inside the rystal as obtainedfrom the simulation with Geant4.5.3.1.1 Crystal MatrixThe �nal hoie of the overall size of the ative volume of the alorimeter wasmainly driven by the available photomultiplier size and the standard size of rys-tals that ould be delivered rapidly at relatively low ost. The rystals are grownin standard sizes of 18, 20 and 22 mm width thus, in order to aount for a big-ger overall size, it was deided to stak together 9 rystals to form the requiredwidth. The 3� 3 matrix onsists of 18� 18� 150 mm PbWO4 rystals wrappedin a highly glossy white �lm. It is held together by an aluminium struture. Thematrix and the PMT are mounted in a light tight aluminium box. A dediatedstudy was performed at a testbeam and is desribed below in Se. 5.4.5.3.2 PhotomultiplierTo ollet the photons from the showers developing in the rystals, a single photo-multiplier (PMT) Hamamatsu R6091 is onneted to one end of the matrix withoptial grease BICRON BC-630.
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Cathode Luminous Sensitivity (Sk) 91.9 �A=lmAnode Luminous Sensitivity (Sa) 708.0 A=lmCathode Blue Sensitivity Index (Skf) 10.30Transit time 48 nsSensitive surfae 65 mmTable 5.2: R6091 Photomultiplier tube harateristis.5.3.2.1 CharateristisThe relevant PMT harateristis are provided in Tab. 5.2 and are desribedfurther in the setions below.� Radiation hardness: no data on the radiation hardness of the PMT wereavailable prior to its use for the laser-wire experiment. To aount forpossible radiation damage, whih would lower the signal, two alibrationsat test beams were performed and are desribed later on.� Photoathode sensitivity: the photoathode material de�nes the spetralsensitivity of the PMT. The photoathode for the PMT used is a dediatedbialkali material whose spetral sensitivity harateristis are displayed inFig. 5.4. The athode radiant sensitivity, shown in Fig. 5.4, is de�ned asthe ratio of the athode urrent to an inident ux in W but it is moreustomarily spei�ed in terms of photometri units and is thus alled theathode luminous sensitivity sk, with an inoming ux in lumens as givenin Tab. 5.2. The maximum of the spetral response is at 420 nm approx-imately, whih makes the PMT appropriate for PbWO4 light emission asseen in the previous setion.� Gain: the gain of a photomultiplier is the ratio Ia=Ik, where Ia is the anodeurrent due to a athode photourrent Ik [5℄:G = IaIk = SaSk (5.1)61



Figure 5.4: Spetral response of the photomultiplier tube R6091. Courtesy of Hama-matsu.where Sa, the anode luminous sensitivity, is the measured anode inten-sity for a given luminous ux �v, thus Sa = Ia=�v, and Sk is the ath-ode luminous sensitivity for a athode intensity of the same luminous ux;Sk = Ik=�v. The gain Gb of a PMT tube for a spei� wave-length is givenby Gb = SaSk � Skf (5.2)with Sa, Sk and Skf , the athode blue sensitivity index, as shown in Tab. 5.2.The gain at room temperature (25oC) for a wave-length of 430 nm (blue)is 7:48 � 105 for a power supply of 2000 V. The gain inreases rapidly asa funtion of the applied voltage as illustrated in Fig. 5.5 and varies withtemperature, wave-length, and mean anode urrent.� Transit time: this is interval between the arrival of a light pulse at theathode of the PMT and that of the orresponding urrent pulse at theanode. It is equal to 48 ns for the PMT used here.
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Figure 5.5: Standard R6091 Photomultiplier tube gain as a funtion of the powersupply. Courtesy of Hamamatsu.5.3.3 Flutuations of the SignalIn this setion we disuss the fators whih ontribute to and limit the energyresolution of the alorimeter. The preision with whih the energy of showeringpartiles an be measured is limited by:1. utuations in the asade proesses through whih the energy is degraded,2. the tehnique hosen to measure the �nal produts of the asade proesses.It orresponds here to the limit of resolution of the PMT.Traditionally the energy resolution �EE of alorimeters is parameterised withthe following relation: �EE = apE � b� E (5.3)where the stohasti term a orresponds to statistial utuations of the show-ers, the onstant term b depends on the quality of the detetor (alibration anduniformity), the term  is the noise from the eletronis.63



5.3.3.1 Stohasti TermA partile depositing an energy E in a rystal reates by sintillation from aneletromagneti shower many photons, from whih N � pN reah the PMT atthe end of the rystal.We obtain: �EE = 1pN (5.4)if � = EN is the mean energy neessary to reate a sintillation photon then:�EE =r �E = apE (5.5)5.3.3.2 Constant TermThe uniformity of the response (longitudinal and lateral) of the rystals and thealibration preision are transribed by the onstant term b. It inludes as wellthe leakage.If for an energy E, we obtain the signal s, then s = zE where z is the alibrationonstant. For unorrelated variables z and E, the resolution on the signal ��ss �is given by error propagation��ss �2 = ��EE �2 + ��zz �2 (5.6)and using eq.5.5, the signal resolution beomes�ss = apE � b (5.7)where the stohasti term a appears again as well as a onstant term b dependingon the resolution of the alibration onstant. This term sets the limit on theperformane at very high energies.
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5.3.3.3 Eletroni NoiseEven in the absene of a showering partile, eletronis generate (gaussian) noise.This noise has a diret e�et on the harge olletion at the end of the eletronis.Sine the alorimeter measures the energy of showering partiles in the same units,this noise term is equivalent to a ertain amount of alorimetri energy. Thus itsontribution to the overall resolution sales like E�1. This omponent limits thelow energy performane of the alorimeter.5.3.3.4 Instrumental E�etThe statistial utuation of the harge multipliation within the PMT to thetotal stohasti term an be written:a = a1 � a2 (5.8)where a1 is the term oming from photostatistis in the rystal and a2 from thePMT utuations. Generally, a2 is dominant with respet to a1. The PMTutuations are mainly due to radiation, temperature and gain instabilities. ThePETRA laser-wire ollaboration uses a dediated high voltage supply Fluke 415Bwith an output stability of +/-0.0020%. The overall resolution of the detetor,inluding rystals and the PMT, is summarised in the next setion.5.4 Performane of the CalorimeterThe performane of the alorimeter was heked in a test beam before and afterits use for the laser-wire experiments at PETRA. In the following setion thevarious tests are desribed.5.4.1 Testbeam at DESY IIThe detetor studies were undertaken at the DESY II test beam faility. TheDESY II synhrotron is the positron injetor for the DORIS and PETRA ma-hines and provides three parasiti eletron test beams numbered 21, 22 and 2465



[9℄. The studies undertaken on the detetor took plae using beam 24 for mostof the preliminary studies and then beam 22 for all the following experiments.The energy range of the beam is from 0.45 to 6 GeV with a maximum rate foreletrons of 1 kHz at 3 GeV. As shown on the layout in Fig. 5.6 the beam test 22is made up of several omponents. A arbon �bre target of 6-10 �m in diameterpositioned in DESY II; a onverter target; a bending magnet and two ollima-tors. The arbon �bre target is plaed in the irulating beam of DESY II whihprodues a bremsstrahlung photon beam tangential to the initial eletron beam.The photons are then onverted to eletron-positron pairs by a opper onvertertarget. The magnet is set to allow only eletrons with the desired energy throughtwo ollimators and thus into the experimental area. The �rst ollimator has anadjustable window width and the seond is a blok of lead with a hole of 1m indiameter.
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5.4.2 Installation at DESY IIThe detetor box was installed on a movable table in the beam axis as shown inFig. 5.7. Three plasti sintillators, used as triggers, were interspaed betweenthe ollimator and the matrix. Two of the sintillators were rossed and posi-tioned 0:8 m from the ollimator entrane and de�ned an ative region of angle3:57 mrad. The third trigger, loated 136 mm from the PbWO4 rystals andused for the geometrial studies detailed later on, redued the sensitive area to66



the eletron beam at the matrix surfae to 0:08 m2. Every time an eletron goesthrough two (or three) sintillators it triggers the data aquisition.
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Figure 5.7: 3�Dimensional view of the experiment at the test beam.The analog signal from the detetor is sent to a 12 bit resolution fast PCI-ADC ard with maximum input voltage of �1 V whih is externally loked bythe oinidene signal of the sintillators. The ard is based on a memory-boardwith a CMOS-stati ram of 10 mega-Bytes and a 10 mega-samples per seondADC-board. The overall eletronis layout is shown in Fig. 5.8. The signal wasampli�ed, broadened by a 96 ns shaper and delayed to produe a pulse with lowvarying amplitude to be easily synhronised with the trigger pulse. An additionaldelay of 9 ns was applied to the signal to ompensate the internal delay of theard. Fig. 5.9 displays the mean output obtained from the ard for a �xed signaloriginating from the detetor.The pulses from the sintillators were ampli�ed and sent to disriminators withthreshold set to 50mV to produe 80 ns logial signals and their oinidene usedto provide a TTL lok signal for the PCI-ADC ard.Two idential PCI-ADC ards were used. The digital response of the ardswith respet to known voltages was investigated as shown in Fig. 5.10 for the se-ond ard and is given in terms of ADC ounts/mV in the Tab. 5.3. It shows thatards number one and two have a respetive digital resolution of 2.048 and 1.3967
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Card Number Digital Response[ADC ounts/mV℄1 2.0482 1.39Table 5.3: Digital response of the two PCI-ADC ards used for the PETRA laser-wire.
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displays the result of the peak width versus the peak mean voltage foreah rystal. The results did not fail any rystal: all gave a similar energyresponse, with not more than 4% of di�erene for any rystal. A moredetailed study is available in [7℄.

Figure 5.11: Voltage distribution for rystal number 2 and its double gaussian �t.

Figure 5.12: The peak width � in volt versus the peak mean voltage for eah rystal.� Temperature studiesPbWO4 sintillators have a relatively high temperature dependene of lightyield due mainly to strong thermal quenhing [1℄. The rystals' output vari-ations with temperature were studied and their response to a �xed 2 GeV70



eletron beam was heked. Temperature measurements were performedwith a linear PT100 sensor attahed to the surfae of the rystals. The boxontaining the rystals was �rst heated and maintained at a temperature of24�0.1oC and then brought to the ooler test beam area, where the temper-ature was measured to be 18�0.1oC. The rystals and PMT were enlosedin protetive foam within the light tight box whih ensured a slow dereaseof temperature and so maintained homogeneity of temperature throughoutthe detetor. The detetor response to temperature hange is displayedin Fig. 5.13. The response data are well �tted by a quadrati funtion.The temperature oeÆient de�ned as �[%=oC℄ = do=dT is alulated tobe �2:7%/oC at 20oC and dereases to �1%/oC at 22oC. do orrespondsto the di�erene in output for the temperature range dT . Thus, the highertemperature of the detetor, the lower the temperature utuations a�etthe response. This e�et has also been observed within the CMS leadtungstate study group where it was shown that, for the light yield, theabsolute value of the temperature oeÆient keeps dereasing up to 51oC[6℄. For the present alorimeter, it is assumed that the variation oeÆientis below 1%=oC for temperatures higher than 24oC, whih is roughly thetemperature in the PETRA tunnel as disussed in Se. 5.5.5. The resultsshow as well that to gain in sensitivity (+10%) a ooling system would beneessary. However the detetor response is already good enough for thepurpose of the laser-wire experiment.5.4.4 PerformaneTests were performed on the alorimeter prior to and after its use at PETRA.Both performanes obtained at DESY II are presented below. The �rst testswere done before any installation at the PETRA beamline and were performedat 1145 V. The seond detetor tests were done after its use for the �rst laser sanwith the same experimental onditions as used at PETRA i.e. with a alorimeterpower supply of 2115 V. It was expeted that a voltage supply of 1145 V would71
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Power Supply [V℄ 1145 2115parameter mean value error mean value error (eletroni) 0.102 0.006 0.177 0.003a (stohasti) 0.067 0.003 0.0094 0.0002b (uniformity) 0.034 0.002 0.0014 0.0003Table 5.5: Fitting parameters for the energy resolution.
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8 % over a few hours. One san, at the horizontal entre of the matrix, is shownin Fig. 5.16 with the signal only. The horizontal lines are the boundaries of therystals. It indiates a plateau for the middle rystal and shows as well the nonuniform behaviour of the matrix response (ombination of PMT, optial greaseand rystal eÆieny).
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Figure 5.18: Shemati view of the beam laser path from the laser hut to the PETRAtunnel.nm. Green light is hosen for this experiment beause its shorter wave-lengthenables smaller spot sizes to be ahieved, and it is easer to set up and managethan infra-red.5.5.2.1 Laser TransportThe laser light is transported from the laser hut to the IP at PETRA throughvarious optis as shown in Fig. 5.19. To redue the systematis from the uner-tainties in the laser beam spot size, the laser beam transverse size at the IP hasto be reasonable (about a third) ompared to the positron beam size it sans; the�nal spot size is determined by the foal length of the last lens, over the inputbeam radius. To provide the input beam with a known size at the last lens, atelesope made of two fousing lenses, 10 m apart, is used. Between the telesopeand the last lens right in front of the viewport a mirror attahed to a piezo eletritilting atuator is used to modify the diretion of the photon beam and so adjustthe relative position of the laser beam with respet to the positron beam. Its sanrange is 0-2 mrad, and the atuator is at one end of its range when no voltageis applied. Fig. 5.20 shows the laser path in the hut and Fig. 5.21 displays theoptis in the tunnel before the light reahes the IP hamber. On the other sideof the viewport a Charged Coupled Devie (CCD) amera is installed whih isused to measure the photon beam size and position of the laser spot.77
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Figure 5.19: Layout of the optial path from the laser hut to the PETRA tunnel.

Figure 5.20: The light path in the hut transported from the laser to the aess pipeof PETRA.5.5.2.2 Parameters of the LaserThe longitudunal pro�le of the laser is measured using a streak amera with 5 pstime resolution. The data revealed a pulse length of �t=12.5 ns full width athalf maximum with a sub-struture of 70 ps peak to peak, shown in Fig. 5.22.This sub-struture is due to mode-beating of di�erent longitudinal modes. Itauses the Compton signal amplitude to vary between zero and full signal for78



Figure 5.21: Close-up view of the laser path before the interation hamber in thePETRA tunnel. The piezo atuator is the top left optial system.di�erent laser shots. The transverse size of the laser at the interation point and

Figure 5.22: The laser longitudinal pro�le measured with a streak amera.its position is needed as input in Eq. 4.4. A CCD amera loated on a trakingrail is moved longitudinally through the waist of the laser and the beam size ismeasured at eah point. A �t of the beam waist measurement as a funtion ofthe position z of the amera with respet to the distane to the �nal fous lens79



an be performed with the following equation� = �0 "1 + � zzR�2#1=2 (5.10)where the Rayleigh range is zR = 4��20�M2 , with � the laser wave-length, M2 themode quality index whih quanti�es the di�erene between an atual beam anda Gaussian beam. The result of the �t gives a minimum waist of �0 = 35� 1 �mwith M2 = 7:6�0.4 and a rayleigh range of 3807 �m.To hek the displaement of the laser spot at the interation point, a beamsplitter is interspaed between the piezo sanning mirror and the �nal fous lensand part of the laser beam is redireted through a lens, similar to the one at the�nal fous, and on to a CCD amera.The laser spot position at the interation point is modi�ed for eah step ofthe piezo-sanning mirror to whih a spei� voltage from 0 to 10 V is appliedand ampli�ed by a fator 10. The sanning step is 62.5 mm/V at the IP.5.5.3 Signal AvailableVarious signals are available in the laser hut, whih give a measurement of therossing time of the laser and positron beam and their respetive position; theyalso provide a trigger for both the laser and the data aquisition system as indi-ated in the signal path diagram of Fig. 5.23. The referene time is taken from thePIT (PETRA Integrated Time) signal and orresponds to the revolution lok ofa bunh irulating within PETRA (� 131 kHz). This referene time providesthe trigger for a Versa Module Europa (VME) system whih in turn sends therequired signals to the laser for the beginning of its harge, the laser pumpingation and the Q-swithing whih starts the release of the laser beam. The laseroperates at a maximum frequeny of 30 Hz, whih is �xed by the VME systemto our between the PIT signal from a seleted bunh (PITY) and the followingPIT signal (PITE), delayed by 96 ns. A beam position monitor (BPM) stationeddownstream and very lose to the IP provides the positron beam position.80



In addition, a photodiode with rise time of 1 ns is loated lose to the inter-ation point and serves as a trigger signal for the PCI-ADC ard. The positivesignal from the photodiode is thus ampli�ed to 150 mV and then onverted to aTTL signal usable by the PCI-ADC trigger.

Figure 5.23: Path diagram for the various signals olleted at the laser hut. The DAQsystem replaes the osillosope.
5.5.4 Detetor Installation PositionThe Compton sattered photons travel in a straight line while the positrons arebent by a dipole. Thus the detetor has to be positioned after the magnet, in thediretion of the photons. The alorimeter is installed on a stand at the height ofthe entre of the beampipe, approximately 14.83 m away of the IP. The horizontalalignment of the alorimeter was performed using the position of the entre ofthe viewport and two quadrupoles surrounding the IP. The positron beam is notbent away by a quadrupole but only foused and goes through its enter. Thusthe quadrupoles an be used to geometrially de�ne the position of the beam andthe diretion of the sattered Compton photons.
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5.5.5 The PETRA Environment� Temperature in PETRATemperature measurements were performed over 10 days of PETRA run-ning. The range of temperature at the detetor loation was measured toinrease from 24 to 26oC over 8 hours of running when only leptons are ir-ulating. As seen earlier, this range of temperature, is expeted to modifythe detetor response by less than 1%.� RadiationRadiation measurements in the PETRA tunnel and at the loation of thedetetor were performed. They show an unusually high radiation level atthe detetor loation, of the order of 76 Gy, ompared to other positionsin the PETRA tunnel, of approximately 10 Gy. This radiation level is notforesseen to be problemati for the rystals of the alorimeter although itdegrades the resolution of the detetor mainly beause the photoathodewindow of the PMT beomes brown, as desribed in Se. 5.4.4.� Beam IntensityThe intensity of the beam is proportional to the number of positrons ina bunh. It dereases with time beause of beam loses due to SR andbremsstrahlung as disussed in the previous hapter. It an be well �ttedwith a simple exponential evolving with timeI = exp (A+Bt) (5.11)where I is the intensity in mA and t is the time in hours and A andB, are thenormalising parameters. The measured intensities during the measurementsat PETRA are shown in Fig. 5.24 and the �tted values of A and B are givenin Tab. 5.6.
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A BLow urrent 2.96 �0.01 -5.23 10�2 �0.01 10�2High urrent 4.87 �0.01 -6.02 10�2 �0.01 10�2Table 5.6: Fit parameters for the low and high urrent in PETRA positron beams.

16 18 20 22 24
  0

 10

 20

 30

 40

TIME (h)

CURRENT (mA)

Figure 5.24: Positron urrent during the measurements at PETRA. Low urrent datataking started with urrent of 7.5 mA and the high urrent data taking started with40.5 mA.5.6 Finding the SignalDue to di�ering beam orbits, the positron bunh an move by a few mm atthe IP whereas the sanning range for the laser is limited to approximately 600�m. The positron bunh must thus be steered with an orbit bump in order tointerset the laser beam and, one the signal is obtained on the detetor, thePETRA orbit bump parameters are stored and the setting is �xed. Fig. 5.26shows the osillosope display when the interation ours and when the laser iso� (Fig. 5.25).
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Figure 5.25: Display of the osillosope with the laser o� with hannel 1 (C1) theQ-swith, C2 the signal from the photodiode at the IP and C3 the alorimeter signal.

Figure 5.26: Display of the osillosope with the laser on with C1 the Q-swith, C2the signal from the photodiode at the IP and C3 the alorimeter signal.5.7 Sanning with the Laser - Results at PE-TRAThe positron orbit bump being �xed, the laser is then steered in 31.5 �m vertialsteps at the IP by tilting the mirror attahed to the piezo atuator. 20 san pointsare taken, eah at a di�erent position and eah with at least 5000 bunh rossings.84



One san point orresponds approximately to 3 minutes of measurements. Thespetrum of the measurements is then reorded.Full san measurements were performed at PETRA for a 7 GeV positronbeam, with two di�erent urrents as disussed in Se. 5.5.5. Fig. 5.27 displaysthe raw ADC spetrum at eah san point for low urrent and Fig. 5.28 thespetrum for high urrent. They illustrate how the spetrum is modi�ed with thesan position of the laser. A peak is observed in eah plot orresponding to thepedestal, whih is present even if no Compton photons reah the detetor. Asthe laser is stepped aross the positron bunh, the number of events with ADCount higher than the pedestal inreases to a maximum and then dereases.5.7.1 Preliminary AnalysisPreliminary studies on the san results taken at eah position of the piezo-drivenlaser sanner are detailed below. The study is �rst foused on the pedestal.The pedestal ours when the bunh rossing at the IP triggers the ADCreading and no energy is deposited in the rystals. Only the eletroni noise isthen reorded and appears as a gaussian distributed spetrum due to statistialutuations.Fig. 5.29 displays the ADC ount of the pedestal for a typial san pointversus the event number. By dividing eah san point into samples of 500 events,the mean value of the pedestal of the onsidered sample an be obtained from agaussian �t to the peak. The pedestal was then substrated for eah sample.5.7.2 Energy Spetrum and Event Seletion - SanThe onversion of the spetrum from ADC ounts to energy spetrum is per-formed using the seond test beam alibration as disussed in Se. 5.4.4 andorresponds to E[GeV℄ = ADC ount� ba (5.12)85
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Current �2 �fit[�m℄ ��fit �ey ��eyhigh 0.51 95.1 2.3 88.4 3.3low 0.72 74.1 1.6 65.3 1.9.Table 5.7: Fit result for low and high urrent.and the mean errors �Nm alulated with�Nm = �Nkpnbs = 1pnbsvuut nbsXk=1 (Nk �Nm)2nbs � 1 (5.15)with nbs the total number of samples, the entry Nk for eah sample and Nm themean over the samples at a san point.
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Chapter 6
Fast Luminosity SpetrumMeasurement at the ILC
For high energy physis, key aelerator parameters are the entre of mass energyand the luminosity. Reahing the highest entre of mass energy is important asit sets the mass sale at whih partiles an be reated. This plays an importantrole when searhing for new disoveries. But studying partiles an only bepossible if a large number of these are reated, and for this a high luminosity isrequired. In view of the physis needs disussed in Chap. 1, it is ruial to obtainpreise measurements of both the luminosity and the luminosity spetrum, thedi�erential luminosity with respet to the e�etive entre-of-mass energy. Theaim in the present hapter is to provide a fast measurement of the luminosityspetrum using data aumulated within a few hours for the purpose of mahinetuning. This implies the need to use a large ross-setion physis proess suh asBhabha sattering and a method alled unfolding.6.1 De�nition of LuminosityLuminosity for ollider experiments is de�ned byL = fN2bA (6.1)92



where f is the mean bunh frequeny, Nb is the number of partiles per bunh,assumed here to be equal in both beams, and A is the e�etive overall area ofollision at the interation point. In other words, the higher the frequeny, andthe more partiles there are for a given area, the higher is the luminosity.The luminosity orresponds to the onstant relating the event rate to theross-setion of a partiular proess as shown in the equation belowdNdt = L � � (6.2)By integrating over time, the luminosity gives the number of events reated fora given proess. Thus it is usually a very big value and is expressed in termsof barns or in m�2.(1) For TESLA, the designed instantaneous luminosity is3.4 1034 m�2s�1. In pratie, experimental ross-setions are alulated by usingthe inverse of the previous equation and integrating over time� = 1L �N (6.3)The luminosity of a ollider depends strongly on mahine parameters as desribedin setion 4.1. The orresponding unertainties are unsatisfatory ompared tothe high experimental auray required. The luminosity is thus monitored byadopting a di�erent strategy using the relationL = 1�known �N (6.4)where the ross-setion �known an be omputed to an extremely high theoretialauray at a given entre of mass energy. The luminosity is then used to obtainthe experimental ross-setion of other proesses. The determination of the lu-minosity is thus an essential point. The proess used to determine the luminosityat the ILC in the following setion is Bhabha sattering e+e�!e+e� at smallangle and is presented below in se 6.3. However the ross-setion is dependenton whih entre of mass energy (ps) the proess ours and a areful study ofthe ps distribution has to be performed. It is disussed in the next setion.11 barn=10�24 m�2 93



6.2 Centre of Mass Energy DistributionThe entre of mass energy sqrts is the addition of the energy of the two inomingpartiles (E1 and E2) whih ollide. A smearing of the entre of mass energy anour via various proesses outlined below:1. Beam energy spread, whih is mahine dependent. It is usually very low asdisussed in Se. 6.2.1,2. Beamstrahlung. When the beams ollide, beam beam e�ets ause theprodution of beamstrahlung. This radiation degrades in a non negligibleway the nominal entre of mass energy ps0.The various ontributions to the eletron energy distribution are displayedin Fig 6.1, inluding the ontribution of QED proesses only. It is similar forpositrons but with a smaller beam energy spread.
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Figure 6.1: Contributions to the eletron energy distribution: QED proesses inludingISR, beamstrahlung and beam energy spread.
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6.2.1 Beam Energy SpreadThe relative beam energy spread before ollision is normally a small fration ofa perent and is muh smaller than the e�et of beamstrahlung. Nonetheless ithas to be taken into aount as it modi�es the entre of mass energy before theinteration takes plae. Beam dynamis simulations and analytial alulationan be used to estimate the beam energy spread.The initial relative beam energy spread, of 0:03%, is mostly due to the bunhompressor at 4.6 GeV, before the main lina, and beomes 0:055% when ael-erated to 250 GeV. Within the lina the main ontribution induing an energyspread is the wake�eld e�et: a bunh of partiles, traveling through a struturewith a transverse axis o�set with respet to the struture axis indues eletro-magneti �elds that at bak on the beam. In the so alled short-range wake�eld,the eletromagneti �elds from the head of the bunh deet the tail of the bunhwhereas long-range wake�elds are reated by earlier bunhes deeting the laterones. The transverse wake�eld is given by [3℄:WT = 2p2Z0a3� pgs (6.5)where a is the hole aperture in the struture whih sales in pratie as theinverse of the RF-frequeny, s is the longitudinal position in the struture, g thelength of the avity gap and Z0 is the transverse impedane. Thus the wake�elds,being proportional to the (RF-frequeny)3 of the aelerator, an be kept low byhoosing a low frequeny.For the eletrons, a supplementary beam energy spread within a bunh omesmainly from the undulator loated upstream of the interation point. The un-dulator auses the eletron beam energy to inrease from 0:055% to 0:15%. Forthe positrons the main origin of beam energy dilution is from the Positron Pre-Aelerator (PPA) whose purpose is to provide a maximum apture eÆieny ofthe emerging positron beam from the target behind the undulator [17℄.The overall intra-bunh beam energy spread is outlined in Tab 6.1 for bothentre of mass energies 500 GeV and 800 GeV. It is approximately two times95



Centre of mass energy [GeV℄ Energy spread �EE [%℄positron eletron500 0.07 0.15800 0.07 0.15Table 6.1: TESLA energy spread for the eletron and positron beams at 500 GeV and800 GeV [6℄. Eletrons have a larger energy spread after passing through the positronsoure wiggler.higher for eletrons than for positrons. Fig. 6.2 displays the respetive eletronand positron pre-ollision energy beam spread for TESLA - 500 GeV as obtainedby Matliar fortran pakage [8℄ to simulate the beam transport from the gun tothe interation point. The spread an be �tted for the old tehnology hoiesuh as TESLA with a gaussian.
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Figure 6.2: Beam energy spread of eletron and positron as obtained with Matliar(File ourtesy of Timothy Barklow - SLAC).
6.2.2 BeamstrahlungFor the required size of the beams, eletrons and positrons within opposite beamsmay lose their energy via the beamstrahlung proesses. Beamstrahlung is a type96



of eletromagneti radiation emitted by a partile of the �rst beam deeted bythe olletive �eld of the partiles of the seond beam as displayed in Fig 6.3.The eletron loses part of its energy before ollision. As a onsequene the entreof mass energy an not be assumed monohromati. This leads to the energyspetrum shown in Fig 6.1 with a tail at low energy.
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Figure 6.3: Shemati proess of beamstrahlung.The Lorentz invariant dimensionless parameter � is used to ompute thebeamstrahlung. It gives a measure of the �eld strength in the eletron's restframe. � = e~m2e4 (p�F ��p�F��)1=2 (6.6)where p� is the four momentum of the partile and F�� is the mean energymomentum stress tensor of the beam �eld. For a beam with a gaussian hargedistribution the average value of the � parameter an be expressed using thefollowing equation < � >= 56 Ner2ee�(��x + ��y)��z (6.7)with re the lassial eletron radius, e the Lorentz fator Ebeam=me, Ne thenumber of partiles per bunh and ��x, ��y , ��z respetively the horizontal, vertialand longitudinal beam size at the IP. They are given in Tab. 3.1 and lead to�=0.035 for a TESLA ase at 500 GeV and �=0.084 at 800 GeV.The maximum beam �eld orresponds to a maximum �max, whih is relatedto the mean value by �max = 125 < � > (6.8)In priniple, all beamstrahlung e�ets should be alulated loally, and integrated97



over the beam ross-setion. However, the global beamstrahlung parameter asgiven in Equ. 6.6 is often adequate [13℄.An important physial parameter is the average frational beam energy lossfrom beamstrahlung and is given approximately [14℄ byÆBS � 0:86 r3eN2e e�z(��x + ��y)2 (6.9)Thus the energy loss ÆBS is �xed by the geometry of the beams and hoosing a��x � ��y gives a ÆBS whih is independent of the vertial beam size. ÆBS is 3.2%for the 500 GeV mahine. Simultaneously, the luminosity an be inreased bymaking ��y as small as possible.6.2.3 Beamstrahlung GenerationThe simulation ode Guinea-Pig [9℄ omputes the beam �elds aording to ael-erator spei�ations and simulates various proesses suh as beamstrahlung andpair reation, but it requires too muh omputer time and memory for diretuse in physis generators. CIRCE-1.0 [11℄ is the basi pakage used to generatebeamstrahlung for physis analyses. It provides a parameterisation of Guinea-Pigresults and it is thus muh faster. CIRCE parameterises the e� energy probabilitydistribution De� aording to the following equationDe� = a0Æ(1� x) + a1xa2(1� x)a3 (6.10)where a1 is a normalising parameter and the three other ak parameters de�ne thedistribution. The distribution is normalised suh that the integral is equal to 1.CIRCE provides the set of parameters ak, given as input the aelerator type andrevision date. In the following, the version 7 of TESLA with the revision number2000�04�26 is used and orresponds to the mahine parameter given in Tab 3.1.CIRCE omputes, for the eletron and positron, a fration xe� of their nominalenergy whih is 250 GeV for TESLA-500 GeV ase. The energy distributionobtained for three nominal entre of mass energies of the TESLA design is shownin Fig. 6.4. For the statistis used here, it shows that the beamstrahlung taileases at a di�erent level for eah entre of mass energy and, for ps0=500 GeV,98



a0 0.51288a2 9.9716a3 -0.62850Table 6.2: Initial ak beamstrahlung parameters for TESLA at a entre of mass of500 GeV.it ends at approximately 59% of ps0. A modi�ation of the initial parameters
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cos θFigure 6.6: Di�erential tree level Bhabha ross-setion at 500 GeV as a funtion ofthe angle as alulated with the CompHep-33 pakage [4℄.1935 by H.J.Bhabha [1℄, and the tree-level sattering an be desribed by theFeynman diagrams of Fig. 6.7
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larised beams in the entre of mass energy is:d�d
(e+e� ! e+e�) = �24s 2(1� os �)2 [4 + (1 + os �)2℄ (6.11)with ps =p(p1 + p2)2 the total entre of mass energy and here s = 4E2, E theenergy of the inoming olliding partiles 2 � the eletron sattering angle and �the QED oupling onstant.The alulation of the ross-setion would be inomplete if we were to takeonly the tree-level diagram; the alulation of the ross-setion used below takesinto aount higher order diagrams.6.3.2 Total Cross-setion
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Figure 6.8: Radiative orretions to the Bhabha proess: (a) one-loop fermioni or-retion, (b) one-loop vertex orretion and () one-loop box orretion whereas (d) and(e) are respetively ISR and FSR.In the alulation of the ross-setion used in Eq.6.4 one has to take intoaount the radiative orretions (Fig.6.8) and initial state radiation (ISR), inorder to minimise the theoretial error. Various study groups are implement-ing tools to provide suh alulations to a given order. A Monte Carlo eventgenerator for Bhabha sattering (Bhwide [5℄) has been used for this purpose .2E is assumed equal for both partiles here102



It inludes multi-photon radiation in the framework of Yennie-Frautshi-Suura(YFS) exponentiation, a tehnique for summing up all the infra-red singularitiesaused by soft photon radiations aompanying any given proess [7℄. Its matrixelement desribing the ross-setion inludes the omplete result at O(�) andleading logarithmi O(�nLn) orretions in the series as well as some non-leadingO(�nLn�1) orretions.Bhwide 1.04 was used to alulate the ross-setion at various energies inlud-ing the e�et of the orretions for the �nal state partile angle between 23 and85 mrad, as shown in Fig.6.9. In order to interpolate the ross-setion for any par-tiularps value, a �t of the ross-setion as a funtion of the entre of mass energyis performed with the funtional form apsb where a is a normalisation parameterand b orresponds to how well the urve follows the proportionality to 1=s. Thetheory unertainties on the ross-setion are 0.11% approximately for ps rangingfrom 300 to 500 GeV. The parameter b is found to be 1:98500(�3:3 10�5). Inaddition to ISR whih degrades the e�etive entre of mass energy, the otherproesses desribed in se. 6.2 an our and also results in a redution of ps.The ross-setion �t funtion will be used to reweight the events to take aountof these additional proesses.6.4 BakgroundsPossible bakgrounds that ould lead to similar energy deposits into the alorime-ter are now reviewed. These bakgrounds were not inluded in the followingsetion but their ontribution to the signal in the aeptane of the luminositydetetor is expeted to be small. A dediated seletion ould be used to furthersuppress these bakgrounds, whih an be distinguished as oming from beam-strahlung or physis proesses.From the beamstrahlung: photons, eletrons and positrons an be reated viaseveral proesses.� Real photons emanating diretly from the beamstrahlung have a very small103
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Thus the initial eletrons and positrons esape into the beam line while thefermions deposit energy in the detetors.

Figure 6.11: Feynman diagram assoiated with the  proess.� WW proesses: WW proesses an lead to a similar signal as Bhabhaproesses, where one W an deay into an eletron and an anti-neutrinoand the other W to a positron and an assoiated neutrino. Although theenergy of the eletron and positron an range from 0 to 250 GeV, the ross-setion of the proess is of the order a few tens of pb for j os �j < 0:8 [22℄muh smaller than the 7 nb for the Bhabha proesses in the angular regionfrom 23 to 85 mrad.6.5 Interfaing the Beamstrahlung and BhabhaGeneratorAording to the respetive fration x+e , x�e of the nominal energy of eah lepton,as given by the Beamstrahlung generator (CIRCE), the entre of mass an bealulated aording to pxe+xe� �ps0. A Von Neumann's aeptane-rejetiontehnique [12℄ an then be applied by onsidering, a probability density funtion(pdf) of the di�erential Bhabha ross-setion distribution as shown in Fig. 6.9,and a uniformly distributed random number. The ross-setion of eah eventwith beamstrahlung is omputed aording to the pdf suh that the minimumentre of mass energy, obtained inluding beamstrahlung only, orresponds to an106



event with weight 1, i.e. an event whih is aepted, and all other events withhigher entre of mass are reweighted aording to the distribution as in Fig. 6.9.For ps0 = 500 GeV, the lower limit of the entre of mass energy at whih allevents are aepted is 0:59�500 = 295 GeV for the onsidered statistis. WithinBhwide, the �nal state of the sattered partiles, eletrons, positrons and photons,is saled with respet to pxe+xe� and then boosted by Lorentz transformation.Finally, eah reated event undergoes a simple gaussian smearing in aordanewith the addition in quadrature of the beam energy spread of the eletron andpositron as disussed in Se.6.2.1. Fig.6.12 shows the �nal energy distributionwith all the ontributions inluded.
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6.6 Determination of Luminosity Spetrum Pa-rametersA method was derived to estimate the beamstrahlung and relative energy spreadfrom the measurements of the energy distribution of the eletron3. In pratie thismeant reovering the parameters that were used to generate the beamstrahlungin CIRCE.Assuming that the hanges in the luminosity spetrum are linear for smallhanges of the beamstrahlung parameters around their initial values, the deriva-tives for a spei� parameter an be alulated aording to a lattie of valuesusing the symmetrised form of the derivative alulation,�fak(j)�ak = fak+Æak(j)� fak�Æak(j)2Æak (6.12)where f(j) is number of events in the bin j, ak is the parameter whih is onsideredand Æak the shift applied to the parameter. Thus a lattie of seven simulateddistributions is obtained, one with initial parameters and six with a0, a2 anda3 varied by Æak . A Æak of 10% was hosen for eah parameter and, beforetheir use, a smoothing of the distributions based on the CERN library quadrati�t pakage HQUAD [15℄ was performed to redue statistial utuations in thederivative alulation.The simulated data were then �t by minimising the �2 funtion�2(a0; a2; a3) = NXj=1 0�N (j)data �N (j)est (a0; a2; a3)qN (j)data 1A2 (6.13)with N (j)est (a0; a2; a3) = N (j)MCini +Xi �(aestk � ainik )� �fak(j)�ak � (6.14)where N (j)MCini refers to the number of events in the bin j for the initial parametervalues, N (j)est(a0; a2; a3) are the estimated number of events for the same bin andN (j)data orrespond to the data spetrum. This minimisation leads to the estimation3The energy of the positron ould also be measured either to improve the statistial powerof the present analysis, or to explore eletron/positron energy orrelations.108



�500 Luminosity Nb of events Nb of MC MC Run time[nb℄ [m�2s�1℄ / se events luminosity at 500 GeV[nb℄�1 [hours℄7.44�0.01 3.4 1034 252.9 2 106 268.8 103 2.2Table 6.3: Cross-setion as omputed from Bhwide for a Monte-Carlo (MC) generationbetween the angles of 23 and 85 mrad. 2 106 events orrespond gives a MC luminosity(LMC) of roughly 0:27 fb�1.of the beamstrahlung parameters as de�ned in CIRCE. With the same method afourth parameter, the beam energy spread ÆEE , an be estimated. This method isnow applied to �ve samples, eah with 2�106 Bhabha events, orresponding to aintegrated Monte-Carlo luminosity LMC of 0:27 fb�1, as detailed in Tab. 6.3. The�ve samples are used to investigate possible bias when applying the parameterestimation on the true, measured and unfolded spetra. They di�er only by theseed of the random generator; the beamstrahlung parameters are the initial valuesas given in Tab. 6.2 and the relative beam energy spread ÆEE is �xed at 0.18%.Thus only statistial utuations di�erentiate these samples. In addition, thenumber of bins for eah spetrum is �xed at 300, ranging from 0 to 270 GeV,giving an equidistant bin width of 0.9 GeV. A study of the e�ets of the bin widthon the result applied to the simulated measured data should be arried on. Thiswould allow to verify if the tehnique is sensitive to the �tted parameter and nottoo dependent on random smearing over several bins of the energy olleted inthe detetor. This ould be performed with non-equidistant bin width, the sizeof the detetor resolution (e.g. 4 GeV at Ebeam=250 GeV).6.6.1 Results for the True SpetrumThe parameter �t is performed for the true spetrum between 200 GeV and254 GeV to take into aount events whih are smeared due to the beam energyspread and whih an therefore an gain energies higher than 250 GeV. Thelow limit is �xed at 200 GeV beause only the highest part of the spetrum is109



signi�antly a�eted by the variation of the beamstrahlung. The �t method givenby Equ.6.13 is applied to eah sample. N (j)data is here the number of events for thetrue spetrum in the bin j. It will be referred as N (j)true in Se. 6.7. A typialvalue for the redued �2r is 0.95, de�ned by �2=ndof . Here, ndof is the numberof degrees of freedom and orresponds to the number of bins used for the �t(120 bins) minus the number of free parameters whih is four, thus ndof = 116.Being lose to unity, the redued �2r indiates the �tting funtion is appropriate.For eah sample, the errors in the estimated parameters are �rst alulated fromthe values for whih the �2 inreases by 1 (MINUIT [16℄) and are thus the onestandard deviation error.Furthermore the standard deviation ��k;std of the mean of the samples is per-formed with ��2k;std = 1Ns � 1 NsXl=1 (aestk;l � �aestk )2 (6.15)where Ns = 5 is the number of samples, k is the parameter number as given inTab. 6.4, aestk;l the estimated parameter for the sample l = [1; 5℄ and �aestk is themean of the estimated parameter for the �ve samples. The individual MINUIT�t errors were found to be within 1 standard deviation of ��k;std and thus only themean and ��k;std are given in Tab 6.4. In addition the mean pull �Pi is given foreah parameter. It is de�ned as�Pk = 1Ns NsXl=1 Pk;l = 1Ns NsXl=1 aestk;l � ainik�k;l (6.16)where Pk;l is the pull alulated with the error �k;l on the �t for the onsideredparameter for eah sample and ainik is the initial value. Hene, the pull orrespondsto a gaussian entred on zero with a width onsistent with unity. The pull valuesobtained for the beamstrahlung and beam energy spread parameters are found tobe � O(1). Thus, applied to the true spetrum, the �t method leads to a goodestimation of the parameters. Nonetheless, in the \real world", diret aess tothe true spetrum is impossible. It is neessary instead to apply the method tothe measured spetrum as disussed in the following setion.
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Par. initial estimated mean estimated mean error pull pull widthk ainik �aestk ��k;std �Pk � �Pka0 0.51288 0.5133 0.0012 0.27 0.35a2 9.9716 10.000 0.033 0.51 0.28a3 -0.6285 -0.626 0.0015 -0.81 0.33ÆEE 1.8 10�3 1.801 10�3 9.96 10�7 0.44 0.16Table 6.4: Mean beamstrahlung parameters and mean relative beam energy spreadestimation using the �t method, with four free parameters, on true spetra at ps =500 GeV. Five independent samples with LMC=0:27 fb�1 were used to obtain the mean��k;std. The pull is de�ned in Eq. 6.16.6.6.2 Energy MeasurementsMeasurements of the energy of the �nal state - ontaining eletrons, positronsand photons - is performed at low angles with the forward alorimeters. In thefollowing, only the LumiCal is used, although the study ould be extended toinlude the detetors at upper angles.The geometrial aeptane of LumiCal is limited to between 26 and 82 mradas disussed in Se. 3.2.3.3. The events from Bhwide are generated between 23and 85 mrad in order to enompass most of the events, whih are then boostedwithin the detetor region, beause a partile with angular momentum originallyat 23 mrad an, with the boost, reah the detetor at 26 mrad. As shown inFig. 6.13, the �nal angle of the lepton an be, with the boost, larger than thespei�ed angle in Bhwide. Computation with the Bhabha generator Bhwide gavea ross-setion of 186777 pb for events originally generated between 15 and 85mrad and 140.16 pb for events between 85 and 100 mrad. Respetively 1:05% and0:125% of the events are ounted inside the detetor range. Applying an angleut at the generator level of 23< � <85 mrad leads to approximately 1:3% of thetotal number of events being missed but this redued greatly the time spent onthe generation of eah distribution.
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Par. initial estimated mean estimated mean error pull pull widthk ainik �aestk ��k;std �Pk � �Pka0 0.51288 0.5092 0.0015 0.86 0.30a2 9.9716 9.967 0.048 -0.05 0.52a3 -0.6285 -0.631 0.0018 0.52 0.38ÆEE 1.8 10�3 1.84 10�3 2.7 10�5 1.84 1.18Table 6.5: Beamstrahlung parameters and relative beam energy spread estimationusing a �t method with four free parameters on measured spetra at ps = 500 GeVand LMC=0:27 fb�1 as given in Tab. 6.3.ent method has to be investigated. In the following setion an advaned methodbased on unfolding is used to estimate the beamstrahlung and beam energy spreadparameters.6.7 Unfolding Tehnique6.7.1 General StrategyIn order to estimate the true luminosity distribution, an unfolding tehnique isused based on the Tikhonov method whih employs a regularisation funtion.This tehnique is presented briey here and in more detail in [20℄,[18℄ and [19℄.Assume that the expetation values of the measured number of entries �i =E[N (i)meas℄ in the bin i an be desribed with the relation�i = nxXj=1 Rij�j (6.17)where Rij is the response matrix of a detetor as given in Fig. 6.15, � = E[N (j)true℄is the expetation values in bin j of the true distribution of a signal and nx isthe number of bins. Inverting Eq. 6.17 as ~� = R�1~� in vetor notation, to getthe unknown true distribution does not always work beause ~� is not aessibleand only the data N (i)meas are measured whih ontain statistial utuations. This115



inversion leads to an estimation of the original distribution, ~̂�, with large varianeand osillations.The general strategy used to avoid these osillations is to introdue a parame-ter whih smooths the ~̂� distribution. ~̂� is haraterised by the least-square fun-tion L(~̂�) while the smoothness of the distribution an be represented by S(~̂�),alled the regularisation funtion. In the Tikhonov method that is presently used,S(~̂�) is a derivative of the unknown true distribution to the seond order.Thus, a ombination of the least-square funtion and the regularisation fun-tion with a weight � smooths the distribution and hene leads to a less osillatingsolution. The ombination an be written as�(~̂�) = L(~̂�) + �S(~̂�) (6.18)where � is the regularisation parameter. In pratie, if � is small, the solutionis highly osillating and if � is large the solution for the estimated unfoldeddistribution is smooth.6.7.2 Unfolding in More DetailThe unfolding program (GURU [19℄) used here is based on the Tikhonov methodwith a regularisation funtion. In the following, the expetation value of theunknown vetor ~̂� is alled N (j)unk and refers to the expetation value of the numberof entries in the bin j. Instead of using Eq. 6.18, whih is applied diretly tothe spetra, a transformation of this equation is performed within the unfoldingprogram suh that it inludes a weight w(j)unk de�ned asw(j)unk = N (j)unkN (j)ref (6.19)where N (j)ref is a referene Monte Carlo distribution and N (j)unk is the unknownspetrum that has been unfolded. w(j)unk is a measure of the deviation of N (j)unkfrom an initial Monte Carlo input vetor N (j)ref . Thus Eq. 6.18 beomesnxXj=1 ~Rijw(j)unk = ~N (j)meas (6.20)116



where ~R and ~Nmeas are respetively the resaled matrix and measured data asgiven by GURU. Introduing a weight has the advantage that if the MC spetrumN (j)ref is lose to the unknown spetrum N (j)unk then the unknown weight w(j)unk willbe smooth and have a small bin-to-bin variations. The auray of the unfoldingis thereby inreased as fewer unknowns are required to deompose the orthog-onal funtions of the singular value deomposition (SVD) approah used in theunfolding ode.A solution to Eq. 6.20 with low osillation an be obtained by adding a regu-larisation term. The expression an thus be written as the addition of a generalform of the least-square funtion and the regularisation funtion�(~w; �) = ( ~R~w � ~Nmeas)T ( ~R~w � ~Nmeas) + �(C ~w)TC ~w (6.21)where ~R is the response matrix of the detetor, ~Nmeas the measured data, w theunknown initial vetor (same as w(j)unk) and C is a matrix whih de�nes the apriori ondition on the solution. Here, C is a \seond derivative matrix". Itinludes a small term � = 10�4 added to the diagonal elements of the matrix suhthat its inversion4 within the SVD approah is possible and does not modify theondition of minimum urvature implied by the derivative.6.7.3 Finding a Suitable Smoothing ParameterThe solution w, the unknown vetor, of Eq. 6.21 is dependent on the hoie of� and a areful study has to be performed whih is desribed in the followingsetion. Here, N (j)unk, the expetation value of the number of events in bin j, isused instead of w as it is a diret representation of the energy spetrum.The strategy that is employed here is to �x the smoothing parameter for eahof the 5 samples of measured spetra on whih the unfolding is applied. To �ndthe best � to reonstrut the data attention is �rst onentrated on one of the4The SVD-GURU approah uses the inversion ~RC�1 to solve Eq. 6.21.
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sample and a minimisation of the �2u is performed�2u = Xj=1;nx0�N (j)true �N (j)unkqN (j)true 1A2 (6.22)where N (j)true is the number of events in bin j for the true spetrum, N (j)unk is theexpetation value of the number of events in bin j for the unfolded spetrum.The �2u as a funtion of � is displayed in Fig. 6.18 with � values ranging from 105to 108. The shape of the urve of �2u, an be explained by the fat that at high �the unfolding spetrum is very at and the unfolded spetrum is far from the truedistribution thus inreasing �2u while at low � the unfolding spetrum ontainsosillations. The minimisation of �2u applied to one referene sample leads to
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the standard deviation on the mean dereases as � inreases. However the �tparameters alulated from eah sample di�er by more than a standard deviationwhen � is small (around 3� 106) and the disrepanes diminish as � is inreased.It indiates that the unfolding is stable over a wide range of � . It shows as wellthat the errors are getting smaller as the smoothing parameter inreases. For the
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Par. initial estimated mean estimated mean error pull pull widthk ainik �aestk ��k;std �Pk � �Pka0 0.51288 0.51152 0.00252 -0.83 0.64a2 9.9716 10.0064 0.0508 0.61 0.58a3 -0.6285 -0.62823 0.00288 0.11 0.61ÆEE 1.8 10�3 1.7994 10�3 9:14 10�7 -0.27 0.41Table 6.6: Mean beamstrahlung parameters and mean relative energy beam spreadestimation using the �t method on unfolded spetra.6.7.4 Parameters Estimation for UnfoldingThe averages and standard deviations resulting from the �t of the �ve samplesare given in Tab. 6.6 with the hosen � . The pull is . O(1) for eah estimatedparameter. Thus the method, inluding the unfolding and parameter estimationas explained earlier, gives onsistent results.6.8 SummaryThe parameter estimation is summarised in Fig. 6.21. Eah graph orresponds toa de�ned parameter respetively a0, a2, a3 and the relative beam energy spread.The estimates for eah sample are given, as well as the averages and standarddeviations resulting from these samples as given in the previous setions for thetrue, \measured" and unfolded spetra. As disussed earlier, the initial param-eters are found to be within the errors of the estimated parameters for the truespetrum. This was not the ase for the \measured" spetrum. To overomethis problem, unfolding was applied and the estimated values and errors are nowonsistent with the true ones.
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Par. True Meas. Unfa0 0.24% 0.3% 0.49%a2 0.34% 0.48% 0.51%a3 0.29% 0.24% 0.46%ÆEE 0.055% 1.5% 0.051%Table 6.7: Relative errors on the luminosity and energy beam spread parameters usingthe determination method applied to the true, measured and unfolded spetrum, eahwith 300 bins, and LMC = 0:27fb�1.mined the true parameters. The same strategy was applied to the \measured"spetrum, performed with a typial luminosity alorimeter. In order to improvethe results, an unfolding tehnique employing a regularisation funtion and ap-plied to the measured spetrum was arried out. Applying this new method tothe unfolded spetrum, an estimate of the beamstrahlung and gaussian relativebeam energy spread parameters was ahieved. The relative error of the beamenergy spread from the unfolded spetrum is onsistent with the one obtained forthe true spetrum.The results presented in this hapter reveal that this method ould be used todetermine the luminosity spetrum on an hourly basis to a preision of less thana perent.
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